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Abstract 
Fire statistics have shown that, during the period 1986-1997, approximately 75% of 
fires occurred within structures. One of the factors that determines the overall effect 
(severity) that these fires have, is the growth phase. This growth occurs by a process 
known as "surface flame spread". 
Surface flame spread research is presented in this report and can be divided into two 
individual parts, namely, 
1. The development of a simple expression that links the time to ignition of a 
material to its exposed heat flux level. 
2. The incorporation of this simple time to ignition expression into a model that can 
analyse the upward flame spread characteristics for various different combustible 
materials. 
Thirty one different materials were investigated in the flame spread model and the 
results are described in this report. Twenty-four of the materials come from the 
European Standard Room/Comer test and the rest are from Finnish research using a 
Vertical Wall test method 
An equation that could satisfactorily represent the time to ignition of a given material 
was obtained and the research into the analytical flame spread model has produced 
very satisfactory comparisons between the calculated values and those obtained from 
the experimental studies undertaken by three different Scandinavian research 
programs. 
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1. INTRODUCTION 
The research work that is presented in this report is a partial fulfilment of the 
requirements of the Master of Engineering in Fire Engineering course at the 
University of Canterbury, Christchurch, New Zealand. Also included in the content is 
work undertaken by the author following the completion of this degree, carried out at 
Lund University, Sweden. 
1.1 Background 
Fires, being defined as the unwanted combustion of materials, are highly likely to be 
encountered by most individuals at some time or another. Such fires typically have an 
enormous effect, be that emotionally, physically or financially, on the people 
involved. But such effects are not restricted to these individuals alone, as the financial 
cost of any fire is largely met through taxes and/or insurance. It can therefore be seen 
that a fire is a phenomenon that affects everyone. 
In a bid to reduce the public and private cost of fires, improvements in the knowledge 
on the causes, effects and complex interactions that occur during a fire are constantly 
being sought. These improvements are obtained from the ongoing work at various 
research institutions and universities throughout the world. From this gained 
knowledge, fire safety related legislation, currently incorporated throughout the world, 
can be improved to ensure that the cost of fires is kept to a minimum. 
1.2 Fire/flame Spread on Combustible 
Materials 
Fire statistics from the New Zealand Fire Service [14] have shown that, during the 
period 1986-1997, approximately 75% of fires occurred within structures. This figure 
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is expected to be similar throughout many other developed countries in the world and 
shows that these fires deserve a significant investment in fire safety related research. 
Fires in structures are started in numerous places for equally numerous different 
reasons and are controlled by the highly complex combustion process. This 
variability and complexity has a dramatic effect on the speed, duration and severity of 
a given fire. For example, if a fire was to start in a rubbish bin full of paper, the 
overall severity would likely to be minimised if the bin was of non-combustible 
construction and was located well away from any other combustible materials, such as 
furniture and curtains. Such a scenario may result in the fire self-extinguishing before 
its effect was able to threaten people, and/or property. Such a fire scenario is 
obviously not always the case and a typical fire, if left uncontrolled by any external 
means, will generally continue to spread after ignition and is likely to engulf all 
combustible materials in its path. Such a fire undergoes four specific phases, 
described by ignition, growth until flashover, full development and decay. These 
phases can been graphically seen in the figure below. 
GROWTH 
I 
1 
I 
FLASHOVER POST-FLASHOVER I 
1 
I 
FULLY·DEVELOPED FIRE 
DECAY 
Figure 1.1: General Description of a Compartment Fire in the Absence of Fire 
Control [22] 
One of the main factors that determines the overall effect (severity) that a particular 
fire has, as shown above, is the growth phase. In this pre-flashover phase, the fire 
grows primarily as a function of the fuel itself, with little or no influence from the 
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compartment. This growth occurs by a process known as "surface flame spread". In 
real fires, it is this flame spread process that is critical to the fire's destiny during the 
pre-flashover phase. 
If a combustible material has a relatively low rate of flame spread over it once ignited, 
then that material could generally be said, in terms of fire properties, to be a "good" 
and/or "safe" material to use within a compartment. Such a material would typically 
exhibit slowly increasing, or more preferably, decelerating flame spread 
characteristics. Specific materials that have high flame spread characteristics are 
generally less suited for the use in a compartment where these properties would be 
detrimental to the occupants and/or the property within after a fire initiation. 
Not only are the individual flame spread characteristics significant, but the 
compartment variability also has a major impact. As the compartments' construction 
materials are not isolated from one another, the interaction of the materials is also 
important. The following figure shows some of the main influences on this 
variability, 
---........ Compartment ~ 
Construction 
Variability 
Figure 1.2: Factors that Influence the Variability ofthe Construction of a Compartment 
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These factors affect the choice of materials and the construction techniques found in a 
compartment. 
It is this variability described above that often challenges the Fire Engineer when 
determining the necessary degree of fire protection that a particular room requires to 
ensure that the fire safety level is maintained. This fire protection is provided as a 
direct result of the danger that the material represents to the occupants and/or the other 
materials within the structure. 
1.3 Fire Safety Legislation 
As mentioned earlier, fire safety legislation, in the form of Building Codes, are 
currently used as a means of ensuring that buildings are constructed to a publicly 
acceptable level of safety. Historically, this legislation has been in the form of a 
prescriptive code that described the specifications that were to be followed in the 
design of any new structure. Applying these regulations removed the considerations 
of the designer to what was actually safe, as the level of safety was implicitly 
embodied in the code. This type of regulation has numerous deficiencies, as they are 
suited to buildings of a certain type, for which they were initially derived. It was 
found that if a building did not fit into any standard type, the regulations might force 
the designer to incorporate too many, too few, or sometimes even inappropriate fire 
safety measures. It is therefore possible that the safety level may be too low in some 
buildings that were built under this type of legislation [ 4]. 
In a bid to remove these deficiencies of the prescriptive code, so-called performance 
based building regulations have been developed and implemented in many countries 
including Australia, Japan, New Zealand, Sweden and the United Kingdom. 
Performance based regulations define the objective for a certain regulation but do not 
say how the objective should be accomplished. This type of legislation has generated 
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more flexible ways of designing buildings and facilitated more cost-effective designs 
without prejudicing fire safety levels. 
1.4 Fire Safety Design Methods 
In the move from detailed prescriptive regulations, a functional framework has been 
set up to facilitate in the fire safety design process. This framework describes ways in 
which the performance objectives can be met. The following paragraphs include 
details of the design process in New Zealand. This country has been chosen due to the 
authors' familiarity with the proceedings in this country but it is expected that similar 
design methods are available to those other countries that also have performance 
based codes. 
The methods that can be used in the fire safety design process to achieve the 
requirements of the building code include, 
• Acceptable Solutions, or 
• Alternative Solutions, which include either "Verification Methods" or 
"Accreditation". 
The Building Industry Authority (BIA) in New Zealand has published "Approved 
Documents" which include the Acceptable Solution method. This is a prescriptive 
method of meeting the requirements and is usually a satisfactory approach in the 
design of small or simple buildings [2]. 
Specific Fire Engineering design, termed above as "Alternative Solutions", is often 
used when, 
• The Approved Documents are not applicable, e.g. high fire loads, or 
• The Approved Documents specify specific Fire Engineering design, or 
• The building owner's requirements go beyond those of the Building Code, or 
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• Addition benefits, generally in cost or safety, will result from a specific 
design. 
The Alternative Solutions require that the designer use established calculation 
techniques to prove that the performance requirements of the Building Code can be 
met. 
It is often the case, especially in unique or complex designs, that a relatively large 
calculation effort is needed to prove the fire safety requirements. This effort is 
generally in terms of time, which directly relates to an increased design cost which 
often forces design changes and compromises so that a project can be kept within its 
budget. If the calculation methods used in such design could be simplified, the 
realistic design possibilities available would be enlarged. One area of current fire 
research is the development of such engineering calculation techniques. This usually 
involves experimental and theoretical research. This general statement applies to the 
development of simple techniques for flame spread design calculations. 
1.5 Purpose of the report 
The fire spread research presented in this report can be divided into two individual 
parts, namely, 
1. The development of a simplified expression that links the time to 
ignition of a material to its exposed heat flux level. 
2. The incorporation of this time to ignition expression into a model 
that can analyse the upward flame spread characteristics for 
various different combustible materials. 
The first area of investigation required that a time to ignition equation, based on 
simplified theory, be modified so that the dependence on the variables in this equation 
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can be determined. Once this had occurred, various simplifications to this equation 
were investigated. 
The second area aimed to create a practical model for describing the flame spread 
behaviour on various interior combustible wall linings. The model focused on the 
dominant phenomena involved, thus removing most of the actual complexity of the 
"real" situation. This approach is supported by Williams [23] who stated in a 1976 
report that, 
" ... there is merit (in neglecting) all but the essential phenomena and 
in studying thoroughly limiting cases in which different phenomena 
are controlling. " 
To ensure that such a model produced useful results, the calculated values were 
compared with experimental data from the European Standard Room/Comer and a 
Finnish Vertical Wall test method. The use for such a model could be to determine 
whether a particular material, material combination and/or construction technique 
would be safe to use within a structure. This method could be incorporated as an 
acceptable engineering calculation technique for the performance based Building 
Code. 
Once the model was established and the values calculated for each material, 
sensitivity analysis was undertaken so that the influence of each input variable could 
be determined. This analytical model was constructed in an EXCEL spreadsheet and 
the sensitivity analysis was undertaken in @RISK. 
1.6 Overview of this Report 
This research focused on the determining the spread of fire on combustible interior 
materials. The first chapter of this report, being the introduction, introduces the reader 
to fire research in general and attempts to provide reasoning for the work undertaken 
by the author. 
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Background theory on the spread on fire is presented in the second chapter. Here the 
theory on flame spread over solids is given and some previous research relevant to 
this topic is mentioned. The Cone Calorimeter and the Room/Comer test methods are 
briefly introduced as well as the way that different heat release rate (HRR) 
representations were used in the developed model. 
The third chapter focuses on the first part of the research - the association between the 
time to ignition of a material and the heat flux level that it is exposed to. Seven 
different investigations, A to F, are discussed which includes linear regression 
techniques and variations on the density/heat flux ratio in the governing theoretical 
equation (see eqn. (2.9)). From these scenario investigations, a simplified equation 
was found for the time to ignition of various materials which was incorporated into 
the flame spread model developed in this research. 
The second part of the research is the focus of the three following chapters of the 
report. Chapter four is used to describe the equations and the logic that was 
incorporated into the model as well as a description of the necessary inputs. Also 
included in this chapter is a sample spreadsheet of the analytical model so that the 
reader can establish a mental picture of the model for ease of understanding. 
Chapter five describes the experimental studies that have been used as a comparison 
with the values calculated in the model. These studies include research undertaken in 
1997 by the Finnish Technical Research Centre, VTT, as well as by the Swedish 
Institute for Wood Technology Research (Tratek) and a Nordic fire research program 
named "EUREFIC". 
Chapter six details the assessment of the model, which includes the determination of 
the optimal values of the four tuning variables incorporated into the model. The 
results of this assessment are given in the summary at the end of this chapter. This 
analysis program used in this assessment was @RISK 
The conclusions and future research is given in the final chapter of this report. 
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2. BACKGROUND THEORY 
2.1 Introduction 
Many people have studied flame spread on solid combustible materials previously to 
varying extents. These studies have tried to establish the governing equations so that 
mathematical models can be used to describe this particular aspect of a fire. A 
selection of this past research has been reviewed in [1]. Numerical and analytical 
methods have been developed to establish the required solution. 
Mainly two types of methods for such predictions have been proposed in the literature 
in recent years. Firstly, thermal theories for upward flame spread have been used, 
where input data from the Cone Calorimeter is used to predict the flame spread and 
the resulting heat release rate (HRR). The large-scale scenario that has been used for 
the verification of this method has generally been the Room/Comer Test. Secondly, 
more fundamental work has been carried out using Computational Fluid Dynamic 
(CFD) and pyrolysis models to predict fire growth for the same full-scale 
experimental test. Both methods require the properties of the chosen material, which 
is usually determined from a bench-scale test apparatus, such as the Cone Calorimeter. 
The parameters needed would generally be thermal properties (such ask, p, c, Tig) and 
properties to do with combustion, such as the heat of combustion and the latent heat of 
evaporation. 
The analysis undertaken in this research has involved the development of an analytical 
flame spread model. An analytical model was chosen since proposed sensitivity 
analysis of the variables was planned using the program @RISK. This sensitivity 
analysis is required as it has been shown in previous research that relatively small 
variations in data can produce widely differing results in some models. This risk 
analysis program is designed for spreadsheets and therefore works only with 
analytical models. Verification of the analytic model has achieved by comparing the 
calculated values to specific experimental data that has been previously studied. 
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The following chapter details the theory that has been used in developing the 
analytical model that describes the flame spread vertically up various interior wall 
linings and horizontally across ceilings. 
2.2 Flame Spread Theory 
The growth of a fire in a room is to a considerable extent controlled by the energy 
released from the burning material and the velocity at which a flame spreads over it. 
The difficulty of predicting this velocity and the resulting fire growth is a fundamental 
problem in fire research. 
As previously mentioned, many people have studied the flame spread phenomena. 
From a review on the known flame spread theory, mentioned in [8], it has been found 
that the process involved in terms of a simple energy conservation principle as given 
by "the fundamental equation of flame spread". This equation, seen below, states that 
the heat transferred to the virgin fuel needed to heat the fuel from T0 to Tig equals its 
change in enthalpy. 
where 
p is the density of the fuel heated to ignition 
V is the flame spread rate 
.. .(2.1) 
~H is the change in enthalpy per unit mass of unbumt fuel in going 
from T 0 to Tig 
q" is the heat transferred to the unbumt fuel needed to increase the 
temperature from T0 to Tig 
From the above equation, it is the value of the flame spread rate, V, which is of 
interest in this research. Usually the density of the fuel is known and assuming that its 
specific heat capacity, c, is constant with temperature, so that the increase in enthalpy 
of the material can be written as, 
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... (2.2) 
Generally, three mechanisms of heat transfer, q", would be present during the burning 
of a material between the flame and the virgin fuel. These mechanisms are 
convection, radiation and conduction. If such an analytic expression was to be 
developed to take into account all these mechanisms in the heat transfer, exact 
solutions would be difficult to set up. To simplify the solving of the analytical 
expression, only the dominant mode is considered and therefore the flame spread 
velocity is easily developed and solved using equation (2.1) above. 
The dominant mode of heat transfer is the one that produces the largest contribution to 
q". The orientation of the solid fuel and wind conditions are important when 
determining the dominant mode of heat transfer. The flame spread rate is also 
dependent on whether the material is thermally thick or thin. Since the materials used 
throughout this research are thermally thick, only theory for this type of material was 
considered. 
The flame spread equation for a thermally thick material has been found to be, 
... (2.3) 
2.2.1 Flame Spread over Solids 
The following section outlines some aspects of flame spread on solids and the 
influence that these factors have on the heat transfer, q". Generally, flame spread can 
occur in the presence of ambient wind, be that upwind (oppose flow) or downwind 
(wind-aided), and these two categories will be discussed below. This wind may be 
environmental or fire-induced. Furthermore, flame spread over solids will depend on 
the geometric orientation (vertical or horizontal) ofthe materials. [17]. 
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2.2.1.1 Opposed Flow Flame Spread over Thick Solids [8] 
By applying the energy conservation equation (2.1 ), a description of the opposed flow 
flame spread for thermally thick materials can be obtained. It has been found that the 
dominant mode of heat transfer in this case is that of gas phase conduction over a 
short distance, 11, near the pyrolysis front. In this phenomenon, as seen in the 
following figure, the flame is tilted which allows the radiation mode to be ignored. 
X 
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Figure 2.1: Energy Conservation Analysis in Opposed Flame Spread [8] 
The gas phase conduction heat flux, q~c , is assumed to be constant over the distance, 
11, and zero beyond. This assumption allows equation (2.3) to be rewritten as, 
... (2.4) 
By defining the properties of the gas and balancing the forward gas phase conduction 
with the opposed flow convection, the "ideal" velocity can be written as, 
... (2.5) 
Problems arise in determining solutions to this equation, as it is difficult to measure 
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the flame temperatures when various materials are burning. This problem has 
alleviated by rewriting this equation as, 
v = ( Cl> ) ... (2.6) 
kpc Tig -Ts 2 
where a material property, Cl>, which can be determined in a bench-scale test. 
2.2.1.2 Wind Aided Flame Spread over Thick Solids 
This type of flame spread results from an external wind or the buoyancy-induced flow 
as a flame spreads up a wall or under a ceiling. The spread can be acceleratory and 
therefore appears more often than opposed flow flame spread. A similar analysis to 
that used in the previous section is used to describe this phenomenon. 
This analysis considers wind aided flames spread on thermally thick materials, or thin 
materials attached to a backing board. The theory that has been developed [8] builds 
on a quasi -steady thermal model and no account of the complex chemical kinetics was 
included. It was also assumed that the fuel is sufficiently thick so that it is not 
completely consumed during the flame spread process - this applies that the material 
does not bum out. 
The set-up for this analysis is shown in the figure below, 
--.. -Vg FlAME 
CONTROL VOLUME 
: Ts v ---T-__;;_ y 
Figure 2.1: Energy Conservation Analysis in Wind-aided Flame Spread [8] 
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Starting from the general heat conduction equation, (2.1 ), and by applying the initial 
condition, 
T(y,O)=T0 
and the boundary condition at y=O (thus ignoring the convective and radiative cooling 
and other heat losses), 
dT q"(O,t) = q~ = -k dy 
it is possible to arrive at the following expression for the igll.ition temperature, Tig• 
... (2.7) 
Ifthe time to ignition, tig' is replace with the heating distance (assumed to be equal to 
Xr - ~) divided by the velocity of the pyrolysis front, an expression for the flame 
spread velocity can be obtained. This expression, similar to equation (2.3), is given 
as, 
... (2.8) 
By rearranging this equation following the method discussed by Saito, Quintiere and 
Williams [18], an expression for tig' the time to ignition is obtained. This equation is 
given by, 
... (2.9) 
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given that, 
... (2.10) 
The time to ignition, fig, in the equations above depends only on the fuel properties, 
ambient temperature and the level of heat flux from the flame to the fuel. Inherent in 
the equations is the assumption that fig is approximately constant while Xr- ~varies. 
To simplify the underlining theory so a complete expression for V can be written, 
expressions for Xr and xP must be found. Saito, Quintiere and Williams [18] found 
these expressions and developed an equation for V. Certain approximations were 
required for this solution to be obtained. The main assumptions were; 
1. The material is thermally thick, homogeneous and it's thermal properties are 
constant with temperature. 
2. Chemical kinetics are excluded, so that very fast (as well as very slow) rates of 
spread are not fully dealt with and extinction conditions are therefore only 
discussed approximately. 
3. The flame length, Xr, depends on a power of Q, the rate of heat release. 
4. Heat flux from the flame only occurs at constant flux within the region 
xP < x < Xr (see fig 2.3 below). 
Figure 2.2: Constant Heat Flux Region, xP < x < Xr 
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As mentioned above, in setting up an equation for the flame spread velocity, V, 
expressions are needed for Xr and xP. The height of the pyrolysis zone, xP, as a 
function of time, is given by, 
t 
xP (t) = xpo + JvP &P }/tP ... (2.11) 
0 
where xpo is the value of xP at an initial timet= 0 and tP is the dummy variable of 
integration. 
The height of the flame is most commonly correlated with the total heat release rate, 
Q tot' and takes the form, 
... (2.12) 
The value of K depends on the location of the fire scenario, be that under a ceiling, in 
a comer or on an open wall. 
In order to set-up the equation for the time dependent velocity of the pyrolysis front, 
V(t), steady state assumptions are needed for the initial conditions. The burner output, 
Qb, is assumed to produce a constant, steady flame height in front of the virgin fuel. 
The flame produces a heat flux that is assumed to be constant over the flame height 
and zero above it. After a certain time, governed by the a material dependent time to 
ignition value, the material behind the flame ignites and the pyrolysis height of this 
region, at t = 0, is thus given by, 
... (2.13) 
The flame height occurring at time, t = 0, is termed Xro and is due to the energy 
released by the burner and the energy released from the initially burning material. 
The height is this flame at t = 0, as opposed to the different flame height before t = 0 
(given by eqn. (2.13)), is, 
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... (2.14) 
In the above equation, Q"(o) is the heat released per unit area by the material at 
ignition and W is the width of the flame front. It is assumed that the width, W, takes 
that same value as the width of the burner. 
So that the time dependent flame height for t > 0 can calculated, equation (2.12) 
shows that an expression for the total heat release rate, Q tot , is needed. This 
expression is influenced by three different sources, namely, 
1. The constant output :from the gas burner, 
2. The initial burning material at time t = 0, and 
3. The contribution resulting from the upward movement of the pyrolysis 
front. 
By taking these effects into account, the total heat release rate, Q tot , is given by, 
I 
Qtot (t) = Qb + xpo WQ"(t )+ Jo"& -tp )wv&P }itp ... (2.15) 
0 
The heat release rate of the burning material, Q" , is assumed to change with time, 
therefore denoted, Q"(t), and tP is the dummy variable of integration. 
Now that all the variables in equation (2.10) have been described by obtainable 
variables, an equation for the flame spread velocity can be derived. This is achieved 
by substituting equation (2.15) into (2.12), and combining this with (2.11 ). This 
substitution arrives at the following Volterra integral equation for the flame spread 
velocity, V(t), 
v{t) = t:, H Q, + x,,wQ•(t)+ JwQ'(t- t, f(t,}it,)- [ x"' + Jv(t, }it,) J ... (2.16) 
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The analysis has so far assumed that K has the units of mkW-1• This choice of unit 
implies that the width of the burning material remains constant. For materials placed 
under a ceiling, the characteristic width of the flame spread is not constant, therefore a 
flame spread velocity expression in terms of area is needed. To allow the analysis to 
continue in a unit area (m2kW-') basis as opposed to a unit length (mkW-1), thus 
incorporating flame spread under ceilings as well as vertically up walls, equation 
(2.16) is rewritten as, 
The first two terms in the brackets on the right hand side represent Xr and ~ 
respectively and tP is again, the dummy variable of integration. 
Two further assumptions are included in this analysis, being, 
1. The initial pyrolysing length, ~0, is dependent on the burner output, 
Qb. This output is assumed to be constant at all times. 
2. Preheating of the combustible material beyond the flame tip is not 
accounted for (such as preheating by a hot gas layer). The flame is 
assumed to be the only source of heat and therefore T8, as indicated 
in figure (2.2), is assigned the same value as T 0• 
To solve equation (2.17), a mathematical representation is needed for the time 
dependent heat release rate of the given material. This can be achieved by using Cone 
Calorimeter data, and developing simple heat release rate expressions. The following 
sections describe such a technique. 
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2.2.2 HRR Representations 
To solve the equation (2.17), it is necessary to mathematically represent the time 
dependent heat release rate and the flame length of the material under investigation. 
From research undertaken in [8], it has been shown that the heat release rate (HRR) of 
a combustible material can be approximated in one of two ways - a peak followed by 
an exponential decay (Peak/Decay) or an averaged, straight (Averaged) heat flux. 
These two HRR representations can be seen graphically in figures (2.4) and (2.6) in 
the following sections. Note that many other types of mathematical representations 
can be made [8] but it is these two types that were investigated in this research. 
The peak/decay model assumes that the heat flux from the combustible material peaks 
as the item ignites and then decays exponentially over time. The value of this peak, 
Q~ax, and the rate of decay, A, are material dependent and are therefore required 
input variables in the developed flame spread model. 
The averaged model assumes that the exponential decay of the previously described 
model is so small so that it can be ignored and the material can then be represented by 
a constant heat flux, Q:ve . This model holds reasonably well for materials that bum 
slowly over a relatively long time period. 
2.2.2.1 Peak/Decay HRR Representation 
As shown in the following figure, materials can be approximated by a Peak/Decay 
heat release rate mathematical representation. The form of such expression is, 
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Figure 2.1: Cone Calorimeter Test Results and the Peak/Decay HRR Representation 
[8] 
By applying the assumptions as described previously and taking Laplace 
transformations, followed by inverse Laplace transforms of equation (2.17), the 
following equation is obtained for the flame spread velocity, V(t), 
... (2.18) 
where, 
... (2.19) 
1 ( )2 4A 11 = - 2 1- a+ At;g --t;g t;g ... (2.20) 
a=KQ." 
max ... (2.21) 
and 
... (2.22) 
The conditions for the velocity to accelerate are that s1 or s2 or both are positive, 
otherwise the velocity decelerates. A decelerating velocity is describe by the 
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following limits 
V(t) decelerates if => 
If the V(t) decelerates, then (2.18) no longer applies and V(t) becomes, 
where, 
c eat 
V(t) = - 1- [asin{,Bt) + p cos{,Bt )] p 
a= --
1 (1- a+ At. ) 2t. lg 
lg 
1 JX h . .. P = 2 11 (w en 11 1s pos1t1ve) 
1 r-x . . 
or P = 
2 
- 11 (when 11 1s negative) 
... (2.23) 
... (2.24) 
... (2.25a) 
... (2.25b) 
The limits of the accelertory or deceleratory behaviour for the flame spread velocity 
can be represented graphically in the following figure. Note that in this figure, the 
symbol 'tis used to describe the time to ignition, t;g. 
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Figure 2.2: Regions of Flame Front Acceleration and Deceleration [8] 
Four regions are indicated in the previous figure which depend on the value that the 
product A-tig takes. The description of the flame spread can be summarised in the 
following table. 
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Table 2-1: Summary of Flame Spread Characteristics 
Region a Expression Flame Front Graphical Description Representation 
I At;g < (1- ..rar Acceleration over all times 
(1-Jaf <At;g <(a-1) 
Oscillatory If\ II decay with 
" 
initial 
acceleration v ""' 
{a-1)<At;g <(l+Jaf 
Oscillatory \ III decay with /7"... initial v -deceleration 
IV At;g > (1 + ..rar Deceleration ~ over all times \ 
a The region described in this column is stated in reference to fig 2.5 
Note that the solutions for the flame spread velocity are only valid for positive values 
ofV(t) since the flame height is always considered to be positive. This limitation is of 
particular importance for oscillatory flame spread described in regions II and III as the 
validity ofV(t) ceases once the velocity becomes negative for the first time. 
In order to calculate how far the flame front has travelled and the resulting heat 
release rate, the expressions, in terms of velocity, for the pyrolysing area, A,(t), and 
the heat release rate, Qc (t), must be derived. Again the flame spread behaviour, be 
that accelertory or deceleratory, must be considered. 
The pyrolysing area, AP (t), with units of m2, is described by the following equation, 
I 
AP (t) = A0 + f V(t P }it P ... (2.26) 
0 
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which has solutions of, 
for At;g < ( 1- .fi.Y, At;g > ( 1 + .fi.Y 
and for { 1- .Ji.f < At;g < ( 1 + .fi.Y 
where, 
a= --
1 (1-a+At.) 2t. lg 
lg 
fJ = ~ ..fi. (when 1:1 is positive) 
or fJ = ~ .J- 8 (when 1:1 is negative) 
where 1:1 is given by equation (2.20). 
... (2.27) 
... (2.28) 
... (2.29) 
... (2.30a) 
... (2.30b) 
Similarly, the heat release rate, Qc (t) with units of kW, for the material is described 
by the following equations; 
t 
Qc(t)= AoQ:axe-AI + JQ:axe-AIV(tP}itP ... (2.31) 
0 
which has solutions of, 
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and for (1- JaY < At;g < (1 +JaY 
where, 
... (2.34) 
... (2.35) 
And C1 , a and f3 are given by equations (2.22), (2.24), and (2.25a,b) respectively. 
2.2.2.2 Average HRR Representation 
This analysis, for the Average heat release rate representation, is similar to that 
described in the previous section for the Peak/Decay representation. The figure below 
shows an actual heat release rate curve for a particular material, to the left, and a 
constant representation of the same curve, to the right. The form of the expression for 
the Average heat release rate representation is, 
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Figure 2.1: Cone Calorimeter Test Results [21] and the Average HRR Representation 
By applying the assumptions outlined in the previous section, equation (2.17) can be 
applied to this particular representation. The following equation is obtained for the 
flame spread velocity, V(t), 
• (A-1)1 KQ -V(t) = __ b Ae t,g 
t;g 
... (2.36) 
where, 
A=KQ."W 
ave ... (2.37) 
The pyrolysing length, xP (t), with units of m, can then be described as, 
... (2.38) 
Similarly, the heat release rate, Q(t ), with units ofkW, is given by, 
... (2.39) 
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3. IGNITION TIME/HEAT RELEASE 
ASSOCIATION 
3.1 Introduction 
Many different variables are needed to fully describe the flame spread process during 
any given test. Such variables include the properties, location and orientation of the 
material, the properties of the testing equipment as well as various environmental 
factors to name but a few. In an attempt to develop a simple model that focuses on the 
dominant phenomena and therefore reduces the number of necessary inputs, a simple 
expression which linking the time to ignition of a material to its exposed heat flux 
level was needed. The determination of such an expression is the topic of this chapter. 
3 .1.1 Background 
The heat flux exposed to a material, from an experimental apparatus such as the Cone 
Calorimeter, can be varied over a considerable range, typically from around 0 to 110 
kWm2 for the standard bench scale device. It is this change in radiated heat flux level 
that obviously plays a significant role in the time that a given material would take to 
ignite. An equation has been established in the previous chapter, which can be used to 
describe this time duration, namely equation (2.9). This equation, as developed in the 
previous section, is given by, 
... (3.1) 
and is a solution of the one-dimensional heat conduction equation, using relatively 
simple initial and boundary conditions. The material properties are included in the 
terms "kpc" and Tig' and the apparatus term is given by 4: . The ambient temperature, 
T 0, also introduces an environmental term. 
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This equation, though relatively simple, was expected to contain more variables than 
needed. The dominant variables were thus sought so that further simplifications could 
be possibly made. 
From previous testing, results had shown that for cellulosic materials the value of 
(Tig - T0 ) 2 varies to a lesser extent than for the other variables, since Tig is typically in 
the range 350-450°C. In general, it can be assumed that the conductivity, k, increases 
with density, p. From this, it was anticipated that the time to ignition may be able to 
be satisfactory represented by some form of the equation, 
... (3.2) 
where the constant C incorporated the less dominant variables of eqn. (3.1) and Xl 
and X2 were some powers associated with the two remaining dominant variables. 
One method of determining the three unknowns values in this form of equation is by 
Linear Regression. 
Equation (3.2) is not the only equation that can be used to determine the time to 
ignition at various heat fluxes. Other possible calculation forms could include a 
decaying exponential equation, as it has been found from plots of these two dominant 
variables, that the time exhibits this type ofbehaviour as the heat flux increases. 
These simplified equations were investigated so that the "best" expression could be 
incorporated into the developed flame spread model. 
3 .1.2 Materials Investigated 
Thirteen different materials studied by the Swedish Institute of Wood Technology 
Research were investigated in this analysis. To simplify the analysis in the following 
section, the materials used have been abbreviated. Further details of the materials can 
be found in [8]. 
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Table 3-1: Swedish Data Abbreviations used in this Section 
Material Number Building Material 
Sl Insulating Fibre Board 
S2 Medium Density Fibre Board 
S3 Particle Board 
S4 Gypsum Board 
S5 Plastic Wall-covering on Gypsum Board 
S6 Paper Wall-covering on Gypsum Board 
S7 Textile Wall-covering on Gypsum Board 
S8 Textile Wall-covering on Rockwool 
S9 Melamine-faced Particle Board 
SlO Expanded Polystyrene 
Sll Rigid Polyurethane Foam 
S12 Wood Panel (Spruce) 
S13 Paper Wall-covering on Particle Board 
3.2 Analysis 
In this section, seven different analyses are documented. Again, as for the previous 
table, an abbreviation has been made for the descriptions of the investigations, as 
follows, 
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Table 3-1: Investigation Descriptions 
Scenario Description 
AandB Linear Regression: 
PX1 • 
t;g = C . ,x2 EquatiOn qe 
I 
c Linear Regression: t;g = C . ,~3 Equation qe 
D t;g = C .~2 Equation Investigation qe 
2 
E t;g = C :,,2 Equation Investigation qe 
F t;g A = Xt;gB Equation Investigation 
G Averaged Exponential Trendline Analysis 
3.2.1 Scenarios A, Band C 
Scenario A: 
Equation (3.2) indicates that the time to ignition can be calculated by multiplying a 
constant, C, with a density/heat flux term raised to certain powers. The first of three 
different Linear Regression Analyses undertaken involved finding the values of the 
constant C and the powers Xl and X2. 
The Linear Regression technique used in this report was undertaken in EXCEL and 
verified by Matlab. Both programs gave identical results. 
The analysis, as previously mentioned, was carried out on the combined group of 
Swedish materials. The results of this analysis are detailed below. 
The output results indicated that the density variable had less influence than that of the 
heat flux variable. A summary of the findings of the Regression Analysis is given in 
the following table. 
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Table 3-1: Dependent Variable Values for Materials S 1-13 Combined 
Variable Regression Results 
Constant, C 21822.0 
Density Power, X1 0.344 
Heat Flux Power, X2 2.307 
From the values given in the table above the equation (3.2), i.e., 
can now be written as; 
po.344 
t;g = 21822 . ,2.307 
qe 
... (3.3) 
The results from this combined Liner Regression were then used to assess the ability 
of equation (3.3) to map the calculated time to ignition values to the actual time to 
ignition values determined in a experimental apparatus, namely the Cone Calorimeter. 
The results ofthis analysis are given in the table below. 
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Table 3-2: Scenario A Time to Ignition Comparison 
Cone Calorimeter Data Calculated Values Results 
Material Actual til!. (s) @q (kWm-2) ti!! (s) using the Linear Regression %age Error in Comparing the Cone Data and 
Number Equation Values @q·(kWm-2) Calculated Values.@q (kwm-~ 
20 25 I 30 I 35 I 50 ! 75 20 ! 25 1 30 1 35 I 50 I 75 20 I 25 ! 30 I 35 ! 50 75 Average 
81 92 43 ! I ! 12 I 6 145 i 87 j 57 ! 40 ! 18 I 7 58 I 102 i i i 46 ! 15 55 
s2 223 123 I I I 28 I 14 196 I 117 I 77 : 54 I 24 ! 9 -12 I -5 1 ! i -15 1 -34 -16 
S3 255 123 i 1 i 34 i 16 212 I 127 ! 83 i 58 ! 26 ! 10 -17 I 3 1 ! ! -25 ! -37 -19 
S4 1 112 34 ! 13 207 ! 124 i 81 I 57 ! 25 1 10 ! I I -49 I -26 i -24 -33 
s5 126 41 I 28 i 10 ! 4 205 ! 123 ! 81 I 56 i 25 1 10 63 i 199 ! 188 I I 148 1 143 148 
S6 1o6 1101 ! 21 I 6 206 ! 123 ! 81 ! 57 ! 25 I 10 i 16 ! -2o I I 18 i 62 19 
S7 115 ! 82 I 20 I 7 206 I 123 ! 81 l 57 I 25 I 10 I 7 ! -1 ! 1 25 I 40 18 
S8 49 30 ! i 11 ! 9 131 I 78 I 51 ! 36 I 16 I 6 167 I 161 ! I I 44 ! -31 85 
S9 I 498 I I 42 ! 12 218 ! 130 ! 85 I 60 I 26 I 10 1 ! -83 i I -37 I -14 -45 
810 873 223 I ! I 39 ! 61 ! 36 I 24 I 17 ! 7 ! 3 -93 ! -84 I I ! -81 ! -86 
Sll 12 4 ! ! ! 2 I 70 I 42 I 28 ! 19 ! 8 i 3 484 I 947 ! ! ! 323 I 585 
s12 525 169 I 79 I I 21 I 11 188 ! 112 ! 74 i 52 I 23 I 9 -64 ! -34 I -7 I 8 ! -19 -23 
813 603 139!1111 i 27112 210 i 125! 82! 58 I 25 110 -65! -10 i -26 I -6 ! -17 -25 
_ Average ofthe averaged%age errors above: 51 
Note that the percentage error values can often be misleading due to the range values that they are expressing, i.e. for large values, the percentage 
error will be less than for smaller values that have the same difference in their absolute values. 
From the values obtained in the table above, a plot that compares the experimental 
data with the results of equation (3.3) was produced. The following figure shows this 
comparison. 
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Figure 3.1: Scenario A Time to Ignition Comparison 
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From this graph it is possible to see that the some errors occur when this technique is 
applied. It can also be seen that some materials are not suited for this equation, e.g. 
S 10, which has a much larger slope than the other materials. 
The table and figure above show that this method can only give representative values 
of the time to ignition for all the materials. Some selected materials could be 
acceptable for the used of the equation, such as materials S2 and S3. The average 
value of the averaged percentage error values is 51%. The results show that this 
mapping technique works best for materials S2-4, S6, S7, S12 and S13. 
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Scenario B: 
From the previous analysis, it was found that materials S1, S5, S8, S10 and S11, in 
particular, did not compare well to the rest of the materials as their percentage errors 
were generally larger, so further analysis was carried out which excluded these 
materials. This analysis involved recalculating the C, X1 and X2 values in equation 
(3.2). 
The results from the regression analysis from materials S2-4, S6-7, S9 and S 12-13 are, 
Table 3-3: Dependent Variable Values for Materials S2-4, S6-7, S9 and S12-13 
Combined 
Variable Refined Regression Results 
Constant, C 2607.8 
Density Power, X1 0.853 
Heat Flux Power, X2 2.567 
Equation (3.3) can now be rewritten for this group of materials as, 
po.ss3 
f;g = 2607.8 . "2.567 
qe 
This equation differs from its previous form (3.3) by, 
• The constant, C, reducing (21822---)- 2607.8), 
• X1 increasing (0.344 ---)- 0.853), and 
• X2 increasing (2.307 ---)- 2.567). 
... (3.4) 
The results from this combined Linear Regression of the reduced number of materials 
was then used to assess the ability of equation (3.4) to map the calculated time to 
ignition values to the actual time to ignition values determined in a experimental 
apparatus, namely the Cone Calorimeter. The results of this analysis are given in the 
table below. 
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Table 3-4: Scenario B Time to Ignition Comparison 
Cone Calorimeter Data Calculated Values Results 
Material Actual til! (s) @q (k.Wm-2) Linear Regression Equation til! (s) %age Error in Comparing the Cone Data and 
Number Values @Jq (k.Wm-2) Calculated Values @Jq (k.Wm-z. 
20 25 i 30 35 i 50 1 75 20 I 25 ! 30 i 35 I 50 I 75 20 I 25 I 30 i 35 50 ! 75 Average 
S1 92 43 ! I 12 I 6 132 ! 75 47 I 31 13 i 4 44 I 74 I I I 5 i -26 24 
S2 223 123 ! i 28 I 14 279 I 158 99 I 66 ! 27 i 9 25 ! 28 I I ! -5 I -33 4 
S3 255 123 I I 34 ! 16 338 I 191 119 I 80 ! 32 ! 11 33 I 55 I I I -5 I -29 13 
S4 I 112 ! 34 ! 13 319 ! 180 113 ! 76 i 30 ! 11 ! ! ! -32 I -11 I -18 -20 
S5 126 41 I 28 I 10 I 4 312 ! 176 110 i 74 ! 30 ~ 147 ! 329 I 293 j ! 197 I 162 226 
S6 106 1101 I 21 6 312 I 176 110 ! 74 l 30 i 11 I 66 I 9 I I 42 I 75 48 
S7 115 ! 82 I 20 i 7 315 ! 178 111 I 75 I 30 i 11 i 55 1 36 I I 50 I 51 48 
S8 49 30 ! ! 11 I 9 102 I 58 36 I 24 ! 10 i 3 108 92 ! I ! -12 ! -62 32 
S9 ! 498 ! 42 I 12 361 i 204 127 I 86 I 34 i 12 ! -74 ! I -18 ! 1 -30 
S1 0 873 223 I I 39 i 15 ! 9 5 i 4 1 1 I 1 -98 i -96 I ! i -96 ! -97 
S11 12 4 I ! 2 I 22 ! 12 8 ! 5 ! 2 I 1 81 206 ! ! i 3 ! 97 
S12 525 169 ! 79 ! 21 I 11 250 ! 141 88 I 59 i 24 I 8 -52 -17 I 12 I ! 13 i -24 -13 
S13 603 139 ! 111 ! 27 I 12 329 ! 185 116 i 78 ! 31 11 -45 I 33 i 5 i I 16 ! -8 0 
Averl!ge of the averaged %age errors above: 25 
Note: 
1. The rows that are in italics (i.e. materials Sl, S5, S8, SlO and Sll) were excluded from the Linear Regression Calculation since they exhibit 
different characteristics from the other data. 
2. The percentage error values can often be misleading due to the range values that they are expressing, i.e. for large values, the percentage error 
will be less than for smaller values that have the same difference in their absolute values. 
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From the values obtained in the table above, a plot that compares the experimental 
data with the results of equation (3.4). The following figure shows this comparison. 
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Figure 3.2: Scenario B Time to Ignition Comparison 
Smaller percentage errors were found in this scenario B analysis compared to those 
found in the first (A) linear regression results were materials S1, S5, S8, S10 and Sll 
were included. 
The table and figure above show that this method can give reasonable values for the 
time to ignition when this technique is applied for most of the Swedish materials. 
From the graph it can be expected that the calculated times for materials S5 and S 10 
would produce poor results, as the averaged percentage errors for these materials were 
-97 and +226% respectively. The average of the averaged percentage error values is 
25%. 
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Scenario C: 
In an attempt to simplify equation (3.2) even further, the density variable was 
removed. The Linear Regression analysis of this scenario is detailed below. 
With the density variable removed, the scenario equation in which the unknown 
variables were to be determined, became, 
1 
t. =C--Ig .,x3 qe 
Linear regression analysis was performed on all the Swedish materials so that C and 
X3 could be found. The solutions are shown in the following table. 
Table 3-5: Dependent Variable Values for all Materials Combined 
Variable Final Regression Results 
Constant, C 55468.7 
Heat Flux Power, X3 2.030 
Equation (3.2) can now be rewritten for this scenario as; 
1 
t;g = 55468.7 . ,2.030 
qe 
... (3.5) 
The calculated time to ignition results from this equation on the Swedish materials 
was compared to the actual time to ignition values. The results of this analysis are 
given in the table below. 
37 
38 
Table 3-6: Scenario C Time to Ignition Comparison 
Cone Calorimeter Data Calculated Values Results 
Material Actual til! (s) @q (kWm-2) Linear Regression Equation til! (s) %age Error in Comparing the Cone Data and 
Number Values @q (kWm-2) Calculated Values @q (kWmz-
20 ! 25 I 30 i 35 ! 5o ! 75 20 25 ! 30 ! 35 ! 50 ! 75 20 25 ! 30 ! 35 ! 5o I 75 Average! 
S1 92 i 43 I i 12 ! 6 127 81 1 56 ! 41 i 20 ! 9 38 ! 88 l 
' I I I 65 ! 45 59 
S2 223 ! 123 I ! I 28 i 14 127 81 56 I 41 I 20 i 9 I ' -43 i -34 1 ! I -29 ! -38 -36 
S3 255! 123 i I I 34 i 16 127 81 ! 56 I 41 20 9 -50 ! -34 I I I -42 I -46 -43 
S4 I I 1112! 34 13 127 81 ! 56 I 41 20 9 I I I -64 i -42 I -33 -46 
S5 126! 41 i 28 I ! 10 ! 4 127 81 ! 56 ! 41 20 9 1 i 97 I 99 ! ! 98 I 111 82 
S6 ! 106 ! 101 I I 21 ! 6 127 81 ! 56 I 41 20 9 i -24 i -45 i I -6 I 45 -7 
S7 ! 115 I 82 I ! 20 i 7 127 81 ! 56 I 41 20 9 -30 ! -32 i I -1 I 24 -10 
S8 49 i 30 ! I l 11 ! 9 127 81 i 56 I 41 20 9 159 ! 169 I I I 80 I -4 101 
S9 ! 1498 i ! 42 ! 12 127 81 ! 56 ! 41 20 9 i i 89 i ! -53 I -28 -56 ! I I - I 
S10 873 i 223 I I I 39 ! 127 81 ! 56 ! 41 20 9 -85 -64 i I ! -49 ! -66 ! 
S11 12 4 ! ! I 2 I 127 81 i 56 I 41 20 9 958 1917! ! ! 888 I 1254 
S12 525 1691 79 ! ! 21 I 11 127 81 i 56 I 41 20 9 -76 -52 ! -29 ! I -6 I -21 -37 
S13 603 I 139 ! 111 1 I 21 ! 12 127 81 ! 56 ! 41 20 9 -79 ! -42 -50 ! I -27 -28 -45 
Average of the averaged %age errors above: 88 
Note that the percentage error values can often be misleading due to the range values that they are expressing, i.e. for large values, the percentage 
error will be less than for smaller values that have the same difference in their absolute values. 
The following figure shows the comparison between the actual experimental values 
for the time to ignition and the values calculated using this technique. 
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Figure 3.3: Scenario C Time to Ignition Comparison 
The tabulated results from this analysis show that with the material dependence 
removed, i.e. the density of the material, from the time to ignition calculation, the 
comparison between the actual and calculated values deteriorates. This is clearly 
indicated by the increase of the averaged percentage error to 88%. The increase in 
this averaged error is highly influenced by the extremely large errors that occur for 
material S 11. The results show that this mapping technique works "best" for 
materials S1-4, S6-7, S9-10 and S12-13. 
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3.2.2 Scenario D 
Once it was expected that sufficient results were obtained from Linear Regression, a 
different approach to finding a mapping technique for the time to ignition at different 
heat fluxes was investigated. This scenarios approach was derived from the 
observations of the form of equation (3 .1 ). 
The first equation to be investigated in this new approach was a relationship between 
the time to ignition and the ratio of the material density to the exposed heat flux level 
squared. The form of such equation was, 
-c P t. -lg .,2 
qe 
The results of this investigation are given below. 
The first step taken in the investigation was to plot the materials so that the slope, C, 
of the trendlines, linking the points of each material, could be determined. The time 
to ignition of the materials was plotted on the y-axis and the known density to the 
exposed heat flux squared value was plotted on the x-axis. The following graph 
shows this technique. 
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It can be seen from this figure that the materials plotted have C values that are similar. 
The central thick line in the figure above shows the average trendline of the grouped 
materials. The trendlines above and below this line indicate the maximum and 
minimum values of C. These trendlines nicely bound all of the data points, except S5 
and S 10, on the figure and the following table gives the actual values of the constant 
C as well as the percentage deviation that each material exhibits from the averaged C 
values. 
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Table 3-1: Constant Value for the Swedish Data 
Material Constant %age 
Number Value, C Error 
Sl 104.09 -8.2 
S2 121.12 6.8 
S3 105.08 -7.4 
S4 142.92 26.0 
S5 37.23 -67.2 
S6 102.34 -9.8 
S7 99.55 -12.2 
88 114.66 1.1 
S9 90.03 -20.6 
SlO 2503.82 2107.3 
Sll 141.57 24.8 
812 121.91 7.5 
813 104.54 -7.8 
Averages 113.44 0.00 
Note that the values in italics have been left out of the average calculation 
Note that in the previous figure, materials S5 and S 10, plastic wall-covering on 
gypsum board and expanded polyurethane foam, have been ignored. This is due to 
the fact that their points lie well away from the maximum and minimum trendlines 
that are indicated. This fact can also be seen in the table above where the slopes for 
S5 and 810 are 37.23 and 2503.82 respectively. 
The average percentage change in the table above is zero, which shows that this 
particular equation holds well for the given data as the entire points lie within a 
relatively narrow band. It is this compactness of the data that indicates that this 
investigation should produce satisfactory results. 
From the figure above the average value of the constant, C, was obtained, being equal 
to 113.44. By using this value to calculate the time to ignition at varying heat fluxes, 
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it was possible to determine the reliability of the estimation that this equation gave. 
The results when this equation was compared to experimental values are given in the 
following figure. 
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Figure 3.2: Scenario D Time to Ignition Comparison 
The values graphed in the figure above are from the following table, which tabulates 
the results of the analysis of equation (3.6). 
43 
44 
Table 3-2: Scenario D Time to Ignition Comparison 
Cone Calorimeter Data Calculated Values Results 
Material Actual tie (s) @q (k.Wm-~ Calculated til! (s) using C=113.44 @q %age Error in Comparing the Cone Data and 
Number (kWm-2) Calculated Values ~q (kWm-2 
20 25 30 35 ! 50 75 20 I 25 I 30 I 35 I 50 I 75 20 I 25 I 3o I 35 ! 5o I 75 Average 
S1 92 43 I 12 6 71 i 45 ' 32 23 ! 11 ! 5 -23 ! 6 ! ! ; -5 -16 -10 
S2 223 123 ! 28 ! 14 170 ! 109 76 56 i 27 12 -24 ! -11 I I j I I -3 -14 -13 
S3 255 123 I 34 i 16 213 ! 136 95 69 34 15 -17 lli I I 0 I -5 -3 
S4 112 ! 34 13 199 127 88 65 ! 32 14 I i I -42 I -7 ! 9 -13 
S5 126 41 28 ! 10 4 193 I 124 86 63 i 31 14 53 i 202 I 201 ! ! 209 ! 244 183 
S6 106 101 I 21 6 194 I 124 86 63 I 31 14 I 11 I -15 ! ! 48 ! 130 45 
S7 115 82 ! 20 7 196 ! 125 87 64 ! 31 14 ! 9 l 6 I I 57 i 99 43 
S8 49 30 ill 9 52 I 33 i 23 17 i 8 ! 4 6 I 11 i I I -24 I -59 -16 
S9 498 i 42 12 230 147 I 102 75 I 37 I 16 I I -79 I ! -12 1 36 -19 
S10 873 223 I 39 6 4 I 3 2 I 1 i 0 -99 I -98 I l I -98 i -98 ! 
Sll 12 4 I 2 9 5 i 4 3 I 1 I 1 I , ! I -32 ! -8 ! I -29 1 36 I 
' ! ' 
S12 525 169 79 ! 21 11 149 96 ! 66 49 i 24 ! 11 -72 ! -43 ! -16 I I 14 I -3 -24 
S13 603 139 111 I 21 12 206 132 ! 92 67 I 33 ! 15 -66 I -5 i 18 i i - i ! 22 ! 22 -9 
Average of the averaged %age errors above: -2 
------
Note: 
1. The rows that are in italics (i.e. materials S5 and S 10) are excluded from all calculations since they exhibit extremely different characteristics 
from the other data and are only show to indicate the extent of their differences. 
2. The percentage error values can often be misleading due to the range values that they are expressing, i.e. for large values, the percentage error 
will be less than for smaller values that have the same difference in their absolute values. 
The results of the comparison show that the equation t;g = C .~2 represents the qe 
Swedish data relatively well for heat flux ranges from 20 to 75kWm-2• The bottom 
right-hand value on the previous table shows that when all the average percentage 
error values are averaged, the result equals -2. This indicates that overall the Swedish 
data is evenly distributed about the average value for this investigation. 
A similar investigation was carried out by not only ignoring materials SS and S 10, but 
also S4, S9 and S 11. It was found that the value of the constant changed from 113.44 
to a value of 109.16. A similar comparison between the calculated time to ignition 
values versus those actual times given by the Cone Calorimeter was undertaken. The 
results of this comparison showed that this new value of C gave only an extremely 
small improvement to the time to ignition calculated values for the seven remaining 
materials. 
It is recommended that the constant C value of 113.44 should be used if this type of 
mapping technique is to be used on this specific group of materials, i.e., 
... (3.6) 
Care should be observed when applying this equation as the desired accuracy and 
consistency of the time to ignition values are yet to be proven when this particular 
mapping technique is used. 
3.2.3 Scenario E 
Another variation on simplification of equation (3 .1) is detailed in this section and 
2 
involves the analysis of the equation f;g = C :,,2 • This equation, similar to the qe 
equation investigated in the previous section except the density term is squared, was 
expected to give similar results to the previous equation but this was proved incorrect. 
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This following section outlines the analysis and the results achieved. 
The same technique was performed in the this analysis as previously used, that is to 
plot the two known terms on the x and y axis and determine the resulting slope of the 
trendline which linked the individual points on the graph, i.e. the unknown term C. It 
was found by plotting the materials in the way described above, that the C term 
became an exponential equation. The table below gives the values of the exponential 
equation that was found for each individual material. 
Table 3-1: Graph Trendline Equations (including qo,ig values) 
Material Exponential First Term Ofo.£\liVe 1st term Power %Aave tnd term 
Number Equation 
S1 Y = 4.4581 e0.0266x 4.458 -50.3 0.027 483.9 
S2 Y = 12.743eo.oo3sx 12.743 42.0 0.004 -16.6 
S3 y = 14.56eo.0024x 14.560 62.3 0.002 -47.3 
S4 Y = 5.9527eo.oos3x 5.953 -33.7 0.008 82.2 
S5 Y = 3.5228eo.oo36x 3.523 -60.7 0.004 -21.0 
S6 Y = 7.8853eo.0037x 7.885 -12.1 0.004 -18.8 
S7 y = 7.9747eo.oo36x 7.975 -11.1 0.004 -21.0 
S8 Y = 5. 0794e0.0394x 5.079 -43.4 0.039 764.9 
S9 Y = 7.0859eo.oos9x 7.086 -21.0 0.006 29.5 
S10 y = 19.232e4'0463x 19.232 114.3 4.046 88721.2 
Sll y = 1.6112e0'764x 1.611 -82.0 0.764 16670.7 
S12 Y = 9 3454eo.oo6sx 9.345 4.2 0.007 42.7 
Sl3 Y = 11.686eo.0032x 11.686 30.2 0.003 -29.8 
Averaged Values: 8.973 0.005 
2 
Note 1) In this table, y is the time to ignition, t;g, and x is the ratio ~,2 . qe 
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2) The rows that are in italics (i.e. materials S 1, S8, S 10 and S 11) are excluded 
from all calculations since they exhibit extremely different first and/or 
second term values from the other data and are only shown to indicate the 
extent of their differences. 
3) The equations in this table use the materials' qo value. It is assumed that tig 
equals 1500 seconds at qo 
From the table above, the unknown terms in the equation have been found. The form 
of the equation given above is now, 
(p2) 0,005 2 
tig = 8.973e 4' ... (3.7) 
It can be noted that this equation is no longer in the similar mathematical form as 
equation (3.2). This change is due to the resulting trendlines that are averaged when 
2 
the data was plotted with the time to ignition on they-axis the ratio ~,2 on the x-axis. qe 
This equation was now applied to each of the materials and the calculated values were 
compared to the actual time to ignition values obtained from the Cone Calorimeter 
data. The results from this analysis are given below. 
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Material 
Number 
S1 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 
Sll 
S12 
S13 
Table 3-2: Scenario E Time to Ignition Comparisons 
Cone Calorimeter Data Calculated Averaged Exponential! Error in the til! (Exponential Eqn.) value .. s 
Equation Va!!!~~-------J- v~.I'~1.1SJ11J;~()D.~d.~ta.J%)@q OfWJJ1:2) 
tig (s) @q (kWm-2) tig (s) @q (kWm-2) %age Error @q (kwm-2) 
qo.i!! 2o 1 25 I 3o I 35 5o 75 2o 25 i 3o i 35 i 5o I 75 2o I 25 I 3o I 35 I 5o I 75 !Average 
'500 92 I 43 I i 12 6 18 14 i 12 
r-~---+---r---r--~--~~~~---
15ool126 41 128 I 10 i 4 1793 266 ! 94 51 I 21 l 13 1323 549 237 1o9 1221 492 
15001 106!101! 21 I 6 1849 272 i 96 51 I 21 ! 13 156 -5 0 1118 120 I 
1500! 115182! 20! 7 2064 291! 101 53 i 21 i 13 153 23 7 I 89 133 I 
15ooi 49 1 3o 1 1 ·riTr9-T-J3-f.ii 1 11--~ 10 l-irfTTr=731-=-6.21--l 1 =13 1 2 1 -49 
1 -, ---T 1 r··········r ·············~······················· 1 ···· ··· 1 ····· T ·· ···· · · 1 ··· ·· ··· 1 ··················~ r r r r ·r 
1500] I !498 i i 42 i 12 15779]10711 248 I 103 I 30 i 15 i i -50 i i -29 i 27 I -29 
1500!87312231 I ! 39! I 9 I 9 I 9 ! 9 ! 9 ! 9 l-99 I -96! ! ! -77! I -93 
15oo112 4 I I 2 I -~-9 T 9 1 9 i 91 9 I 9 I -24 I 126! I !349 i 1 88 
1500I525l169l79! ! 21! 111 212! 68! 37! 25! 15! 11 l-60! -60! -54! ! -29! 2 I -47 
15ool6o3l139!111! l27l12l363o! 418!1291 64 ! 23 I 14 l5o2! 201! 16 I ! -13 ! 15 181 
Average %age Error: 116 
Note: 1) The rows that are in italics (i.e. materials 81, 88, S10 and S11) are excluded from all calculations since they exhibit extremely different first 
and/or second term values from the other data and are only show to indicate the extent of their differences. 
2) This table includes the qo value. It is assumed that tig equals 1500 seconds at q0 • 
3) The percentage error values can often be misleading due to the range values that they are expressing, i.e. for large values, the percentage 
error will be less than for smaller values that have the same difference in their absolute values. 
It can be seen from the table above that the average percentage error was 116%. 
The following figure shows the comparison between the actual experimental values 
for the time to ignition and the values calculated using this technique. 
Experimental to Calculated Time to Ignition Comparison: 
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Figure 3.1: Scenario E Time to Ignition Comparison 
As mentioned below the table, materials S 1, 88, S 10 and S 11 have been excluded 
from all calculations undertaken in this analysis. This is due to the large errors that 
each of these materials exhibit when their calculated time to ignition values are 
compared to those materials which are included in the analysis. The exclusion limit 
involved removing all materials that had a percentage deviation in their first or second 
term values greater than ±100% in table (3.12). 
The analysis showed that this form of simplified mapping technique giVes poor 
representative values for the time to ignition of the selected material group over the 
exposed heat flux range of20-75kWm-2• 
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3.2.4 Scenario F 
This investigation looked at the errors associated with finding a constant, X, which 
would directly be used to map that time to ignition of any material at a given heat flux 
to a time to ignition at a different heat flux, i.e. 
Material!: 
Material2: 
t. ® k"' -2 =A 1g 50 rr/11 tig@25kWm-2 = XA 
The heat flux levels, as shown above, that were of particular interest was 50 and 
25kwm-2• 
The technique that was implemented in this analysis involved first finding the slope 
for each material when going from the time to ignition at 25kWm-2 to the 
corresponding value at 50kWm-2• These slopes were then averaged and this averaged 
value of the slope was then used as the value for X, in the equations above. 
In an attempt to improve the estimation that this mapping technique gave, a second 
(Slope2) and third (Slope3) slope was found. These slopes where calculated by 
excluding certain materials that were found to have slopes that were significantly 
different from the previous averaged slope calculation. 
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The results from this method are given in the following tables: 
Table 3-1: Slope Calculations for Scenario F 
Material Cone Calorimeter Data Calculated Slope 
Number t1g (s) @q~ (kwm-2) Values, (=-1/X) 
25 50 Slopel Slope2 Slope3 
Sl 43 12 -1.24 -1.24 X a 
S2 123 28 -3.8 -3.8 -3.8 
S3 123 34 -3.56 -3.56 -3.56 
S4 34 b - - - -
S5 41 10 -1.24 -1.24 X 
S6 106 21 -3.4 -3.4 -3.4 
87 115 20 -3.8 -3.8 -3.8 
S8 30 11 -0.76 X X 
S9 - 42 - - -
810 223 39 -7.36 X X 
Sll 4 2 -0.08 X X 
812 169 21 -5.92 -5.92 X 
813 139 27 -4.48 -4.48 -4.48 
Average Slope Values, (=-1/X) -3.07 -3.43 -3.81 
Actual Slope Values, X 0.325 0.292 0.263 
a x indicates that the material has been excluded from the averaged calculation 
b - indicates that no Cone Calorimeter data was available 
The results from the table above show that three different slopes, X, have been found, 
each of which describes a different selection of materials. The first value of X, 
namely X= 0.325, describes the materials 81-3, 85-8 and 810-13. Materials S4 and 
S9 have been excluded from this selection since no data was given for them at a heat 
flux level of 25kWm·2• The second slope value, X = 0.292, describes fewer materials 
than the previous selection. At was hoped that by excluding those materials that were 
used for the first slope value but not in the second slope value would improve the 
mapping of the time to ignition for the included materials. The exclusion process has 
been on the basis that the materials exhibit individual slopes that are relatively far 
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from the mean slope. The third slope value includes the smallest number of materials, 
i.e. only S2, S3, S6, S7 and S13. This material selection has a slope value of X= 
0.263. 
Once the slope values were obtained, analysis on the reliability of these values was 
undertaken. The following table details the results when the actual Cone Calorimeter 
values for each material was compared to the values calculated by equation 
t;gA = Xt;gB. Here t;gA represents the calculated time to ignition value at 50kWm-2 
and t;gB represents the known time to ignition value at 25kWm-2 which was multiplied 
by the given slope values, X. 
Table 3-2: Scenario F Time to Ignition Comparison 
Material Actual Calculated Values a %age Change in the Values 
Number Cone Data a Slopel Slope2 Slope3 Slopel Slope2 Slope3 
Sl 12 14 13 xb 17 4 
S2 28 40 36 32 43 28 
S3 34 40 36 32 18 5 
S4 34 c - - -
S5 10 13 12 X 33 20 
S6 21 34 31 28 64 47 
S7 20 37 34 30 87 68 
S8 11 10 X X -11 
S9 42 - - -
S10 39 73 X X 86 
Sll 2 1 X X -35 
S12 21 55 49 X 162 135 
Sl3 27 45 41 37 68 50 
Average %age Error: 47 45 
a Values are at a heat flux level of 50kWm-2 
b x indicates that the material has been excluded from the averaged calculation 
c - indicates that no Cone Calorimeter data was available 
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The table above shows that as the number of materials is reduced in a particular 
selection, the average percentage error in the mapping technique reduces. It should be 
noted that the technique generally seems to over estimate the actual time to ignition. 
The following three figures show the comparison between the actual experimental 
values for the time to ignition and the values calculated using this technique for each 
of the three different slopes, namely slope 1, 2 and 3. 
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The following figure summarises the results from this investigation using the 
t;g A = Xt;gB technique to determine the time to ignition. The first column for each 
material type gives the actual Cone Calorimeter value and the columns to the right of 
this represent the calculated time to ignition values using the different slope (X) 
values. Since the different slope values have been obtained by excluding some of the 
materials from the selection the calculated the slope, it can be seen that the number of 
columns for each of the materials is not constant. 
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Figure 3.4: Scenario F Time to Ignition Comparison 
It can be seen from this graph that materials S4 ands S9 should be initially excluded 
since no Cone data was available for these materials at 25kWm-2• The materials SlO 
and S 12 should also be excluded as their calculated values differ largely from their 
actual values when this technique is used. 
It can be concluded from this analysis that this technique for mapping the time to 
ignition at one heat flux level to another should be used with considerable caution. 
The material selection that is used to determine the average slope, X, will be highly 
influential on the results that can be obtained by this technique. 
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3.2.5 Scenario G 
In a final attempt to find a satisfactory equation that could be used to map the time to 
ignition, t;g, of a material at different heat fluxes, q; , various trendlines were fitted to 
the raw Swedish data. These lines were fitted by using the trendline function in 
EXCEL. This function places a line through the data as well giving the corresponding 
equation of this line. 
The initial analysis involved applying different trendlines to the data so that the 
general type of equation could be determined which could be used to describe all of 
the selected materials. Once the type of equation was known, sensitivity analysis was 
performed in a bid to optimise the variables in the equation. 
Five types of equations were initially tried, which included exponential, polynomial, 
linear, logarithm and power. It was found that the best type of equation for the given 
data was exponential, as previously used in this investigation chapter. The following 
table gives the individual exponential equations of each material as well as the 
averaged equation for all the materials, which was achieved by averaging each of the 
numerical terms in the individual equations. 
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Table 3-1: Exponential Equations for the Swedish Data 
Material Exponential First Term %Aave lst term Power O/o_Aave :Znd term 
Number Equation a, b 
S1 y = 793.19e·o.onsx 793.19 -38.2 -0.0715 -9.6 
S2 y= 1315e·0.0662x 1315 2.5 -0.0662 -16.3 
S3 Y = 1341.8e·0.064tx 1341.8 4.6 -0.0641 -18.9 
S4 y = 5474.6e·O.OB?x 5474.6 326.8 -0.087 10.0 
S5 Y = 767.73e·O.o78tx 767.73 -40.2 -0.0781 -1.2 
S6 Y = 1880.3e·0.0822x 1880.3 46.6 -0.0822 3.9 
S7 Y = 1682.3e·0.0795x 1682.3 31.1 -0.0795 0.5 
S8 y = 436.42e-0'06x 436.42 -66.0 -0.06 -24.1 
S9 y = 1 0997e-0'096x 10997 757.3 -0.096 21.4 
S10 Y = 6907.5e·O.to6tx 6907.5 438.5 -0.1061 34.2 
Sll Y = 723.75e·O.t377x 723.75 -43.6 -0.1377 74.1 
S12 y = 1915.8e·O.o767x 1915.8 49.3 -0.0767 -3.0 
S13 Y = 1971.5e·0.0748x 1971.5 53.7 -0.0748 -5.4 
Averaged Values: 1282.779 -0.07908 
a These equations include the qo value and it is assumed that t1g equals 1500 seconds 
at qo 
b They term in the equations is the time to ignition, t1g, and the x term is the heat flux, 
Note: The rows that are in italics (i.e. materials S4, S9 and S10) are excluded from all 
calculations since they exhibit extremely different first and/or second term 
values from the other data and are only shown to indicate the extent of their 
differences. 
From the table above, the averaged exponential equation for mapping the time to 
ignition values to the heat flux values. The form of this equation is, 
t1g = 1282.779e-0'07908 '~" ".(3.8) 
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Due to the nature of the exponential function, any material that has values which 
deviate significantly from the numerical values of the averaged exponential equation 
would be expected not be suited for this equation. This was actually the case, as is 
described below. 
Equation (3.8) was applied to the selected group of materials so that the reliability of 
the calculated values could be determined. The following table and graph illustrate 
the position each material with respect to this equation. 
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Table 3-2: Scenario G Time to Ignition Comparison 
Cone Calorimeter Data Calculated Values Results 
Material Actual til! (s) @q (kWm-2) Calculated ti2 (s) using Averaged %age Error in Comparing the Cone Data and 
Number Exponential Values @q (kWm-2) Calculated Values @q (kWm-~ 
20 ! 25 30 35 ! 50 i 75 20 25 30 ! 35 ! 50 ! 75 20 I 25 I 30 I 35 I 50 ! 75 Average 
S1 92 I 43 ! 12 I 6 264 I 178 i 120 I 81 i 25 i 3 187 l 313 i ! I 105 I -43 96 
S2 223 123 ! 28 ! 14 264 178 l 120 I 81 i 25 ; 3 18 i 44 I ! ! -12 ! -76 -21 
S3 255 123 i 34 i 16 264 178 120 I 81 I 25 3 4 I 44 I I I -28 -79 -28 
S4 112 I 34 I 13 264 178 120 ! 81 1 25 3 ! ! ! -28 I -28 -74 -55 
s5 126 41 28 I 10 i 4 264 178 120 ! 81 ! 25 3 110 l 333 ! 327 ! i 146 -15 137 
S6 1106 101 ! 21 ! 6 264 ! 178 120 I 81 I 25 3 ! 68 ! 18 I I 17 -43 -4 
S7 ! 115 82 ! 20 ! 7 264 I 178 120 I 81 i 25 3 I 55 i 46 I ! 23 -51 -2 
S8 49 I 30 I 11 I 9 264 I 178 ! 120 i 81 ! 25 3 438 ! 492 I ! ! 124 -62 183 
S9 I 498 l 42 I 12 264 I 178 i 120 i 81 I 25 3 ! ! -76 i I -41 -72 -70 
S10 873 1223 ! 39 I 264 I 178 I 120 ! 81 ! 25 3 -70 i -20 ! I I -37 -52 
S11 12 I 4 I 2 ! 264 ! 178 ! 120 i 81 I 25 3 2098 I 4341 i I I 1130 1877 
S12 525 1169 79 ! 21 I 11 264 I 178 I 120 I 81 i 25 3 -50 ! 5 i 51 I I 17 -69 -21 
S13 603!139 111 127112 2641178! 120! 81! 25 3 -56 I 28 I 8 I ! -9 -72 -30 
Average ofthe averaged %age errors above: 155 
Note: 
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1) The rows that are in italics (i.e. materials S4, S9 and SlO) are excluded from all calculations since they exhibit extremely different 
characteristics from the other data and are only show to indicate the extent of their differences. 
2) The percentage error values can often be misleading due to the range values that they are expressing~ i.e. for large values, the 
percentage error will be less than for smaller values that have the same difference in their absolute values. 
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It can be noted :from the table above that since the averaged exponential equation does 
not include any individual material variables, such as the density as seen in previous 
investigations, each calculated time to ignition values are the same. This result would 
expect to give values that were a poor correlation when used across the selection of 
materials, as was found. Many of the materials are found to exhibit average 
percentage errors greater than ±50%. Particularly notable is material Sll which had 
percentage errors > 1000%. This large discrepancy is because this material has very 
different actual time to ignition values at the investigated heat fluxes than is seen in 
the other materials. 
The following figure shows the spread of data when the actual experimental values for 
the time to ignition and the values calculated using this technique are compared. 
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This figure shows how poorly this technique maps the time to ignition values to the 
actual values. 
In conclusion, this mapping technique has been shown to give poor representations of 
the time to ignition values for the selected materials at heat fluxes from 20-75kWm·2• 
3. 3 Analysis Results 
It was found from the analysis undertaken in this section that modifying the time to 
ignition equation (2.9) worked to varying extents. It was generally found that by 
increasing the mathematical complexity of the simplified time to ignition equation, 
e.g. using a exponential form, the fewer the number of materials that can be grouped 
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together and used, but the better the estimation is for these materials. There is a trade 
off between the quality of the mapping and the quantity of the materials that can be 
used in the mapping. The next step in the research involved using the best equation 
from this section in a model to determine the upward flame spread for different 
materials. The errors that occurred in the simplified investigation may or may not be 
detrimental to the flame spread calculations. 
Conclusions 
The conclusions that can could be drawn from the initial linear regression analysis, 
scenario A, is that this method only gives representative values for the calculated time 
to ignition. The averaged percentage errors were found be between -86 and +85 for 
materials Sl-4, S6-10 and S12-3. The other Swedish materials gave values that were 
unreliable as they lay outside this already large range. The average of the averaged 
percentage error values was 51%. The heat flux range used in this and all the 
calculations was from 20-75kWm-2• 
Scenario B involved a similar analysis except that some materials (Sl, SS, S8, SlO 
and S 11) were excluded form the linear regression. These materials were excluded on 
the basis that their percentage errors in the previous analysis were significantly larger 
than the other materials. It was found that this analysis gave improved results for the 
time to ignition calculation and reduced the averaged percentage errors in the mapped 
values to between -30 and +48%. It was shown that this method could give 
reasonable values when this technique is applied. The materials particularly suited for 
this analysis were Sl-4, S6-9 and S12-3. The average of the averaged percentage error 
values was 25%. 
The final linear regression analysis undertaken was scenario C. This investigation 
differed from the two previous by the removal of the material dependence, namely the 
density variable, in the time to ignition equation. By removing this variable, the 
governing expression was simplified further but it was found that in doing so the 
averaged percentage errors increased. The error increased to an average of 88% and it 
was found that this technique was best suited for materials Sl-7, S9-10 and S12-3. 
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Scenario D involved investigating the relationship between the time to ignition and 
the density/heat flux squared ratio. This analysis was similar to scenarios A and B 
except that the powers of the density and heat flux were fixed and were not calculated 
by linear regression. This scenario was found to give satisfactory results for most 
materials, being S1-4, S6-9 and S12-3. The error reduced to and average of -2% 
which emphasises the suitability of equation (3.6) to model to times to ignition at heat 
flux varying between the range of20-75kwm-2• 
The E scenario changed on the previous investigation by increasing the density power 
to a value of two. The resulting points on the time to ignition versus density/heat flux 
ratio plot exhibited exponential trends. This observation meant that the time to 
ignition equation also changed to an exponential form. The resulting values from 
applying this equation to the Swedish materials produced relatively large errors when 
compared to some other scenarios. It was found that the averaged errors obtained 
were over a range of -49 to +88% but the overall averaged value was 116%. Only 
materials S1-2, S4, S8-9 and Sll-2 could possibly be represented by the equation 
developed from this analysis. 
The scenario F investigation of the t;g A = Xt;ga equation found that the slope, X, of 
the equation could take values of 0.326, 0.292 and 0.263. The value 0.326 could be 
used to describe the materials S1-3, S5-8 and S9-13 and gave a average percentage 
error in the calculation of around 47%. This slope covers the most materials but it 
was found that by choosing- one of the other slopes the percentage error in the 
calculation could be reduced. The percentage error for the 0.292 slope is around 45% 
and can be used for materials Sl-3, S5-7, S12 and S13. The best percentage error, of 
26%, was when the slope equalled 0.263 but this value only included materials S2, S3, 
S6, S7 and S13. 
The final scenario, G, investigated averaging the exponential trendlines as given by 
EXCEL. This analysis showed that using this type of technique only gave 
representative values and introduced significant errors. Many of the materials 
exhibited average percentage errors greater than ±50%. Particularly notable is 
material S 11 which has percentage errors > 1000% when this technique was applied. 
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This large discrepancy is because this material has very different actual time to 
ignition values at the investigated heat fluxes than is seen in the other materials. The 
average percentage error of all the selected materials (Sl-3, S5-8, Sll-13) when the 
averaged exponential equation was used was found to be 155%. Since this technique 
produced the largest errors of any of the scenarios investigated, it should not be used. 
The following table gives a summary of the results from the investigations undertaken 
in this chapter, 
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Table 3-1: Time to Ignition versus Heat Flux Relationship Investigation Summary 
Scenario Description Result Acceptable 
Variable Values Comparison a Materials Included b . Results? 
Linear Regression, C=21822.0 
A PXl Xl =0.344 
Average %age error = 51 Sl-4, S6-10, S12-13 No 
tig = c 0 ,xz X2=2.307 Range ( -86 - +85) qe 
Linear Regression, C=2607.778 
B PXl Xl = 0.853 Average %age error = 25 Sl-4, S6-9, S12-13 No t. =C-- Range ( -30 - +48) tg .,xz X2=2.567 qe 
Linear Regression, 
c 1 C= 55468.66 Average %age error= 88 Sl-7, S9-10, S12-13 No 
fig= c. 11X3 X3 =2.030 Range ( -66 - +82) qe 
p Average %age error = -2 
D t ig = c -:-;;2 C= 113.44 Sl-4, S6-9, S12-13 Yes 
qe Range (-24- +45) 
p2 (p2 J Average %age error = 116 E t;g = C--:;z 0.005 --;- Sl-2, S4, S8-9, Sll-12 No 
qe tig = 8.973e q•- Range ( -49 - +88) 
X= 0.325 (Slopel) Average %age error: Sl-3, S5-8, S9-13 No (Slopel) 
F tigA = XJigB X= 0.292 (Slope2) 47 (Slopel) Sl-3, S5-7, Sl2. S13 No (Slope2) 45 (Slope2) X= 0.263 (Slope3) 26 (Slope3) S2, S3, S6, S7, S13 No (Slope3) 
G Exponential t;g = 1282.779e-O.o79081~" Average %age error= 155 Sl-4, S6-7, S9-10, S12- No Trendlines Range ( -70 - +96) 13 
a This column gives the results from the comparison between the calculated and experimental time to ignitions for all the various Swedish Materialso 
b These materials represent those that show "satisfactory" mapping of the times to ignition for the given scenario. 
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3.4 Summary 
This chapter has attempted to develop a simplified equation for the time to ignition for 
various materials at different heat flux values. Seven different scenarios were 
analysed and the results have been presented. 
It was found, from scenano D investigations, that the following equation gives 
satisfactory calculated times when they are compared to actual experimental values. 
This equation is, 
The averaged errors when this equation is applied to the thirteen Swedish materials 
were found to be -2%. This equation, since satisfactory, was incorporated into the 
second part of this research, namely the development of a model to calculated the 
upward flame spread on interior combustible materials. The following chapters of this 
report are dedicated to this flame spread model. 
66 
4. ANALYTICAL MODEL 
The second part of this research was to establish an analytical model to determine the 
flame spread characteristics for various materials. The following chapter gives details 
of the equations and the logic incorporated in the model. A sample of the developed 
spreadsheet is also given in this section so that the readers can familiarise themselves 
with the format that was used. 
4.1 Analytical Model Equations 
It was observed during the initial part of the investigation, that the Average HRR 
representation was in fact simply a special case of the Peak/Decay HRR case where 
the Q::mx equalled Q~ve and the decay coefficient, A, equalled zero. It was therefore 
obvious that by modifying the Peak/Decay equations, both representations could be 
catered for in the model. The HRR representation is now carried out by replacing the 
variables described above with Q" and A. 
The equations in the following section are derived from a modified version of 
equation (2.17). One notable change was in the time to ignition variable, t;g , which 
was modified to tig*. This new variable is described later in this chapter. It is these 
changes that are described in the following section. 
The final equations used in the analytical model are, 
Flame Spread Velocity, V(t), with units ofms-1; 
... (4.1) 
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and for (1- JaY < At;g• < (1 + Jaf 
where, 
c eat 
V(t) = - 1-[asin{pt)+ fJ cos(pt)] 
fJ 
KQb 
X =--
po W 
... (4.2) 
... (4.3) 
... (4.4a) 
which changed to the following equation when the tuning variable was included 
... (4.4b) 
KQ"x 
C - po l-
f;g• 
... (4.5) 
a= KQ" ... (4.6) 
... (4.7) 
... (4.8) 
... (4.9) 
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f3 = ~ -fi. (when 1:1 is positive) ... (4.10a) 
1 ,----;- . . ) 
or f3 = 
2 
v- 1:1 (when 1:1 ts negative ... (4.10b) 
for the complex solution, i.e. when 1:1 is negative, s1,2 becomes complex and is 
written in the form, a ± i/3 . 
Pyrolysing Length, xP ( t), with units of m; 
... (4.11) 
and for (1- -Faf < At;g• < (1 + -Faf 
c eat 
xP (t) = xpo + p sin[f3t] ... (4.12) 
Flame Front Length, Xr(t), with units ofm; 
... (4.13) 
Heat Release Rate, Qc (t), with units of kW; 
69 
where, 
... (4.16) 
... (4.17) 
And C1 , a and fJ are given by equations ( 4.5), ( 4.9) and ( 4.1 Oa,b) respectively. 
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4.3 Spreadsheet Model Description 
This flame spread analysis was undertaken in EXCEL and utilised many different 
functions. On particular function that was used frequently was the IF statement. This 
statement specifies a logical test to perform and takes the following form, 
"IF" statement = IF[ logical test, value if true, value if false] 
The following section describes the logic behind the inputs, outputs and transient 
calculations that were incorporated into the model. This spreadsheet analysed the 
calculated Upward Flame Spread values and compared them to the data found from 
various experiments, including VTT (Kokkala et al.) [10, 11], Swedish [8] and 
EUREFIC [8, 20] results. For a full description of the origin of the equations used in 
this model, the reader is directed to chapter 2 - being the section on "Background 
Theory". The actual form of the spreadsheet model can be seen in figure (4.1). 
4.3.1 Input Variables 
A few input variables were needed in this model, which were used to describe such 
things as the material being investigated, the location of the material, the burner 
characteristics as well as some constants for the heat flux and time to ignition 
considerations. These variables are described below. 
4.3.1.1 Flame Spread Representation 
Heat Flux, Q" : 
This variable assumed a single quantity of the heat flux produced by the material in 
the Cone Calorimeter test as described by either the Peak/Decay or the Average heat 
72 
release rate representation. Details of this representation technique are described in 
chapter 2. The units if this variable are kwm-2• The value of this variable for each 
material investigated was obtained by a curve fitting technique from the Cone 
Calorimeter data and the results can be found in appendix A. 
Decay Coefficient, 'A: 
This value describes the materials' exponential rate of decay of the heat released 
during burning. For a material represented by the constant heat release rate, this value 
should be set to zero but since this creates infinity errors in the model, a value of 
should be used. Again, details of this representation technique are described 
in chapter 2. The units if this variable are s·'. The value of this variable for each 
material investigated was obtained by a curve fitting technique from the Cone 
Calorimeter data and the results can be found in appendix A. 
4.3.1.2 Burner Characteristics 
Burner Output, . . 
The heat output of the burner is governed by the standard test method, NT FIRE, 
which indicates that the burner should be set to lOOkW. This value remains constant 
for the first ten minutes of the test, which is the time period of interest in this model. 
Burner Width, W: 
The width of the burner is taken as the total distance that the burner is attached to the 
wall. This is particularly important as if the square burner is placed in a comer of the 
compartment, as this width is the length of two sides as opposed to just a single side 
when the burner is placed along a wall. This variable has units of metres, m. 
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4.3.1.3 Material Characteristics 
Density, p: 
The density of the material is generally given as part of the results from the Cone 
Calorimeter tests. The value of the variable has sometimes been difficult to establish, 
especially for composite materials and determination for such materials has involved a 
taking a mass weighting of the individual densities of the components. This method 
induces some uncertainty in the calculation, but sensitivity analysis of this variable or 
establishing the actual value would quantify this uncertainty. The units for the density 
are kgm-30 
4.3.1.4 Height from the Burner to Ceiling 
Material Height, H: 
This value is needed so that the total distance that the flame, the pyrolysis length, can 
spread can be limited. The height is calculated by dividing the total assumed surface 
area of the material by the width of the burner. The total surface area is assumed to be 
the sum of the ceiling area and the wall area. The wall area equals the distance from 
the top of the burner/base of the flame to the ceiling multiplied by the width of the 
pyrolysis front (assumed to be equal to the burner width). This calculation can be 
described by, 
M . 1 L h Total PyrolyisedArea atena engt = __ ___;;__~---
Pyrolysis Width 
where the total pyrolyised area is given by 
Total Pyrolyised Area = (Ceiling Length x Ceiling Width)+ (Wall Height x Burner Width) 
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The dimensions of the test compartment are 3.6m long, 2.4m wide and 2.4m high. 
Such dimensions and a burner width of 0.34m give a total height of approximately 
27m. This length has assumed that the flame pyrolysis width remains constant. 
4.3.1.5 Variable Constants 
To allow for "tuning", due to the unknowns in the model, the following constants 
have been developed. This tuning process, to account for the removed complexity, 
allows the development of simple models that focuses on the dominant phenomena. 
This approach is supported by Williams [23] who stated in a 1976 report that, 
" ... there is merit (in neglecting) all but the essential phenomena and 
in studying thoroughly limiting cases in which different phenomena 
are controlling. " 
The variable constants used in the model are described below. 
Heat Flux Variation, ~0.: 
In the applied theory, it is assumed that the initial heat flux, prior to the burning of the 
material, is constant across the gas burner flame height and zero below it (see 
fig. (2.3)). Since this assumption over-estimates the heat transferred from the burner 
flame to the material, this factor has been incorporated to more closely represent 
reality. The value ofxpo*• due to this overestimation, is between 0 and 1. 
Post-ignition Time Adjustment, q"*: 
This factor is used to describe the heat flux level for the time to ignition value, t ig* , 
used in the transient model equations. This is based on the result from the initial 
analysis in this research, which found a dependence on the assumed exposed heat flux 
(see chapter 3). The unit of this flux is kWm-2• 
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Pre-ignition Time Adjustment, q"**: 
Once the burner is started, the material being tested takes a period of time to ignite. 
The simplified time to ignition equation derived in the previous section is used to 
describe this time, t;g••, and q"** is the heat flux level used in this equation. The unit 
of this flux is kwm-2• 
Flame Area Coefficient, K: 
This factor is burner location dependent and assumes values depending on the original 
flame spread experimental test method. The location of the burner in this research is 
either in a comer or on a wall. 
4.3.1.6 Time Step Interval 
Time Step, tstep: 
To allow for simple modification of the calculation times (tp;), this factor has been 
introduced. The value, in seconds, that this variable takes is generally dependent on 
the speed of the flame spread, as if the time step is set too large, important changes 
may be under or overestimated. 
4.3.2 Output Variables 
The constructed spreadsheet model gives various outputs. The following section 
describes each of these outputs. 
4.3.2.1 Flame Front Spread 
In the hope of adding clarity for the reader, in terms of the movement of the flame 
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front, these two outputs have been included to determine the characteristics of the 
overall flame spread, as indicated by the regions I, II, III and IV in figure (2.5). 
Description: 
This calculation looks at the numerical result from the following "Region" calculation 
and gives a written statement on the flame spread velocity characteristic. The 
equation used for this calculation is, 
IF("Region"= 1, "Accelerating" ,IF("Region"=4, "Decelerating", "Oscillating")) 
Region: 
In the figure (2.5), mentioned above, four specific regions are identified. The IF 
statement, below, is used to determine which region the flame spread velocity is 
situated. 
Region = IF[ At ;g• :::; (1- Ja J ,1, Region a J 
Regionb = IFlAi;g• :::; (1- a ),2, Regionc j 
Regionc =I1 At;g• :::;(1+-Fa"J,3,4] 
where "a" is described by equation (4.6). 
4.3.2.2 Time to Ignition 
The follow section details the different times to ignition incorporated into the model. 
These times were rounded to the nearest second to simplify the calculation of the 
average R2 value. 
In the model, two different ignition times have been used. The first ignition time, tig••• 
is used to describe the time it takes for the material to ignite. Before this time, the 
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only heat that is being released is that from the gas burner. The second ignition time, 
tig*' is used in the transient calculations of the model and describes the post-ignition 
time behaviour of the material. For the specific use of this variable, the reader is 
directed to the previous section 4.1. 
The following figure indicates the effects that these two ignition times can have on the 
heat release rate for a typical material. 
time 
Burner Wall 
~~· ~~ 
Figure 4.1: Characteristic Representation ofthe Different Ignition Times 
Material Time to Ignition, t;i 
This time is not actually used in the flame spread model itself and isn't seen in the 
figure above, but has been shown since this value can be compared to the ignition 
time found in the Cone Calorimeter test. This value uses the ignition time equation 
derived in the previous chapter and is calculated in the spreadsheet by the following 
equation, 
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Burner Time to Ignition, t;g**: 
In the full scale Room/Comer and Vertical Wall tests, described in the next chapter, a 
lOOkW gas burner is placed in the comer of the room. This results in a comer flame, 
which nearly reaches the ceiling of the compartment. For simplicity, it is assumed 
that the burner flame gives a constant irradiant heat flux to the material behind the 
burner over an area, Aw. This area assumes the value of 0.75m2 in the full scale test 
and is equal to twice the burner width (0.17m) times the height from the top of the 
burner to the ceiling. It is the time to ignition of this area that is of interest and is 
calculated by using this Burner Time to Ignition value, t1g**· 
Previous research [8] has shown that using the total incident heat flux from the burner, 
i.e. 100 kW, to describe the time to ignition of the material gives incorrect results and 
improved values were obtained by using approximately 40kWm-2 at 1.6m above the 
floor. Because of these inaccuracies, the same general time to ignition approximation 
equation is used to describe is value. In the model, this equation is given as, 
t,, .. = 113.44( q;.,, J 
Wall Time to Ignition, t;g*: 
Once the burner has ignited the wall, this value was used in the models transient 
calculations as described in the previous sections. The equation used in the model 
was, 
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Time (Actual), t: 
This time scale is the basis for comparison with the experimental data. The time used 
in the calculation procedure is added to the time to ignition for the material. As a 
result, the following equation is used for the actual time, t, namely, 
The total time for this model must not exceed ten minutes (600 seconds). This 
limitation is due to the experimental testing procedure of increasing the burner output 
to 300 kW if the material has not reached flashover by this stage. It should also be 
noted that this is a pre-flashover model so if flashover occurs within this ten minutes, 
the values after this event are also invalid. 
Time (Post Ignition), tp;: 
If a flame spread calculation requires a time, it is this value that is used. This time is 
governed by two simple equations in the spreadsheet, one being for the initial time 
and the second for the times following this. The initial time value is negative as it 
describes the time from the start of the burner to the time when the material ignites, 
which occurs at t = 0. These equations are, 
Initial Time Value; 
where the tp; value in this calculation equals zero. 
Following Time Values; 
(0, 1, 2, 3 ... )x tstep 
This equation is incorporated into the model so that the post-ignition time interval can 
be changed. 
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4.3.2.3 Calculated Values 
The four variables below are the main outputs of interest in this model. These time 
dependent variables are directly used to compare the validity of the model with the 
experimental results. 
Flame Spread Velocity, V(t): 
The general statements used for the calculation of this velocity are: 
V(t) =IF(" Flame Front Movement "="invalid" ,0, V1 (t )) ... (4.18) 
VI (t) = IF("PyrolysingLength"="H" ,0, v(t/1 )) ... (4.19) 
To ensure that the spread does not continue past the height of the wall, the requirement 
that the velocity equals zero at this point has been used. Any combustion of surfaces 
above the wall material of interest is not included in this analysis. 
This statement above, applies to the two equations ( 4.1) and ( 4.2) which calculates the 
Flame Spread Velocity, V(t), ofthe flame. This velocity has units ofms·1• 
Pyrolysing Length, xp(t): 
The following statements are used to describe the length of the pyrolysis front at a 
given time, t1, • 
. .. (4.20a) 
XP1 (t 1,) = IFlxpc (t -1) :2: H,H, XP2 (t1, )j ... (4.20b) 
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... (4.20e) 
These equations above ensure that the pyrolysing length, xp(t), never decreases, as this 
would imply that the material was becoming unbumt, or becomes larger than the actual 
height of the wall, H. 
The subscript "( t0 )" indicates the initial value and "( t,_1 )" indicates the previous value 
of the pyrolysing length. The subscript c, added to the pyrolysing length symbol, xP, 
and the velocity, V, indicates that the value is taken from the transient calculations. 
This difference is due to limitations of the theory and due to the logic that has been 
imposed in the calculations. This subscript is also used for other variables in the 
spreadsheet. 
The logic equations above are applied to equation ( 4.11) or ( 4.12), which calculates the 
pyrolysing length, xp(t), of the flame. This length has units of metres, m. 
Heat Release Rate, Qc (t): 
The following statements are used to describe the heat release rate of a material at a 
given time, t, . 
. .. (4.21b) 
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The subscript "c*" on Qc (t) indicates that it is the heat release rate value where the 
pyrolysing length, Xv(t), stops increasing. This value is needed so that the/... decay can 
start once the pyrolysing length stops increasing. 
These statements are applied to equations (4.14) or (4.15) which calculates the Heat 
Release Rate, Qc (t), of the flame. The unit for this variable is kW. 
Flame Height, xt<__t): 
This variable has been described after the heat release rate as this variable is used in the 
calculation. The flame height is governed by the following simple equation; 
... (4.22) 
4.3.2.4 Experimental Results 
The experimental results collected for this research are given in these columns of the 
spreadsheet and are described below. 
Time (actual), texp: 
This column contains the raw experimental times. 
Experimental Heat Release Rate, Exp. HRR: 
Again the data given here is directly taken from the experiments. The unit of this 
variable is kW. To provide some baseline for the experimental values, all this heat 
release data was time shifted so that the heat release rate was 80kW at the start of the 
experiment, i.e. t = 0 . This shift is designed to take the experimental measurement 
time lag into account 
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4.3.2.5 Comparison Result 
A value was needed which could describe the degree of fit that the calculated heat 
release rate had with the experimental results. This value was used as the output 
variable in the sensitivity analysis of the model which was undertaken in @RISK. The 
following variables and equations were used in the determination of this value, 
Difference, 1:1: 
The technique that was incorporated in this analysis was a R2 approach. This method 
first squared the differences between the two heat release rate values during the same 
time period and then took the square root of the average of all the times stepped 
difference values. This method was broken down into two steps. Firstly, the squares 
of the differences were calculated and then these values were averaged and square 
rooted in the second step. The equations for the first step, as described by this variable, 
1:1, are shown below, at the given time, t,. 
. .. (4.23a) 
/:11 =ORlQexp(t,)=O,t, >600,AND(Qc(t0 :t1,)>1000,Qexp(t0 :t1,}>1000)j ... (4.23b) 
The logic applied to these equations were, 
• Limiting the experimental heat release rate data when the values 
became zero - once the end of the experimental data was reached, 
no comparison can be further made. 
• Limiting the time period of interest - only the first 600 seconds of 
the model can be used to describe the flame spread behaviour of 
the material in question due to the burner output change. 
• Limiting the maximum heat release rate to lOOOkW- once the 
flashover occurs (approximately lOOOkW), the model is no longer 
valid. 
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All these logic steps result in a zero value for 11 that would remove the influence on the 
comparison for the particular time period in question. 
R2 Results: 
The second part of the comparison equation gives the actual result that is used in the 
sensitivity analysis. It is this value which is minimised to calculate when the 
experiment and calculated values have the closest fit. The equation used is shown 
below and includes the sum of the difference values (11) from the first time period, t0, to 
the final time, t 11 • The units of this term is kW. 
R 2 Result= SQRT[ SUM(I1o : 11") ] 
COUNTIF((110 : 11 11 ), "> 0") ... (4.24) 
4.3.3 Transient Variables 
Transient calculations were used in the model, as seen in figure ( 4.1 ), primarily to keep 
the equations in each cell to a manageable size. The secondary reason was that some 
equations, such as that describing the heat release rate, involved rather complex theory 
which gave the author no option other than using these extra transient columns. 
While the inclusion of such columns removes the "cleanliness" of the model, they 
provide extra insight into the specific behaviour/values of parts of the theory at the 
given calculated times. 
Some of these variables are detailed below. 
4.3.3.1 Decay Time Step, tds (t 11 ) 
This variable is used in the heat release rate column. It's purpose is to count the 
number time periods after the pyrolysis front has reached the top of the material. The 
logic used is given by the equations below, 
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tds (t,) = IFlxP (t,) = H, COUNTIF(xP (t,) = H1tdst (t, )j 
tdst (t,) = IF[FFM ="Upwards",O,tds (t,_1 )+ 1] 
4.3.3.2 HRR(No Decay), QND (t) 
... (4.25) 
... (4.26) 
This variable is used in conjunction with the previous one in the heat release rate 
calculation. The value of this variable never decreases and it remains constant once the 
pyrolysis front starts to mathematically decrease. The governing equations are, 
QND (t,) = IFlxP (t, )- xP (t,_1) = 0, QND (t,z-~ ), QND1 (t, )j 
QNDI (t,) = IFlQcc•~11 _1 )~ 1x E + 300,1x E + 300,QND2 (t, )j 
QNDI (t 11 ) = IFlQcc• ~Il-l)~ -1 X E + 300,1 X E + 300, Qc (t, ) j 
... (4.27) 
... (4.28) 
... (4.29) 
These final two equations ensure that the upper and lower number limits in EXCEL at 
not reached, therefore removing such possible sources of error. 
4.3.3.3 Flame Front Movement, FFM. 
The description of the movement of the flame front, given by the equations below, are 
used by most of the other variables in the model to ensure that the movement is still 
valid. These equations firstly check to see that the velocity is positive, then that the 
pyrolysis front isn't at the top of the material and finally that the pyrolysis front 
direction is still upwards (positive). 
FFM(t,)= IFlMIN(V~~): V~: ))< O,"invalid",FFM1 (tJj 
FFM1 (t,) = IFlxP (t,) = H, "stopped" ,FFM2 (t, )J 
... (4.30) 
... (4.31) 
FFM 2 (t, )= IF[MAX(xP (t~ ): xP ~: ))> xP ~: 1 "backwards", "upwards"] ... (4.32) 
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5. COMPARISON EXPERIMENTS 
In the development of a model, vanous checks must be made to ensure that it 
satisfactory represents what actually happens in the "real" world. One way these 
checks can be made involves the comparison of the calculated values to actual results 
from experiments. This chapter describes the particular experiments that were used for 
comparison in this research . 
. 5.1 Introduction 
Various experimental tests have been carried out throughout the world, which have 
looked at the spread of flames on walls of internal compartments. So that the model 
that has been developed in this research can be validated, it has been constructed which 
mimics this previous experimental research. 
The experiments that have been used as a comparison in this report include work 
undertaken in 1997 by the Finnish Technical Research Centre, VTT [10, 11], as well as 
by the Swedish Institute for Wood Technology Research (Tditek) [8] and a Nordic fire 
research program named "EUREFIC [8, 20]. 
The Finnish research data in this report has been obtained from a report written by 
Kokkala et al and because of this, all future references to this research will be named 
"Kokkala et al". Similar simplifications have been made for the two other test results 
and the future references to the Swedish and EUREFIC tests will be by the names 
"Swedish" and "Eurefic" respectively. A description of each of these experiments is 
given below. 
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5.2 Background to Experiments 
The three different experimental results used in this report give details of specific fire 
behaviour for numerous materials. This behaviour is primarily in terms of, 
1. The quantity of energy that is released by a material, and 
2. The way in which flames spread over the material. 
A bench scale apparatus such as the Cone Calorimeter or the ISO lgnitibility Test 
generally describes the first behaviour. The second behaviour has been described for 
the given materials by a Room/Comer test or similar apparatus. 
These two behaviours are fundamental in the development of the analytic model 
described in this report. The energy release rate prediction found from the initial test 
method is a required input into the model and without the second test, experimental 
comparison with the model could not be easily made. 
Each result from the three experiments were found by slightly different methods. 
These differences are described in the following three sections of this chapter and 
further information can be found in the given references. 
5.3 Kokkala et al Experiments 
These experiments on combustible materials were carried out to investigate the upward 
flame spread on certain materials when ignited by a propane burner. The experimental 
set-up is described as a Vertical Wall test. The materials were mounded on a vertical 
timber framed sample holder and the burner, with a heat output of between 70 -
100 kW, was placed at the base. The materials examined and used in this research are 
given in the table below. 
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Test No. 
T0412 
T2312 
T2511 
Tl301 
Table 5-1: Materials used from the Kokkala et al Experiments 
Kokkala et al Materials 
Product 
Porous Fibre Board 
Particle Board 
Particle Board 
Textile Wall Covering on Calcium Silicate Board 
Backing 
Mineral Wool 
Calcium Silicate Board 
Mineral Wool 
Mineral Wool 
-----····· .. ·-·-·-- --················· ·········-------············--····················-·····-·-·---····-···----····-··················----·----······· ··-·-··-········· ... ··--····· ················----············· 
T1002 Particle Board Mineral Wool 
--······-··--·· ---·-······· ····················--········· ... ··- ······················-·----···--···········-····----·-------··· ·······--··········-·---·····················-·--·······--·· 
T0203 Wood with Horizontal Grooves Mineral Wool 
T0903 Wood with Vertical Grooves Mineral Wool 
Measurements in the tests comprised of the temperatures, heat flux levels and various 
combustion properties. The experimental set-up is shown in the following figure. 
-RHR 
-SMOKE 
PRODUCI10N 
1.2 m x 1.2 m 
PROPANE 
BURNER 
Figure 5.1: A Schematic view ofthe Vertical Wall Experimental Set-up [10] 
To characterise the burning behaviour of the materials, Cone Calorimeter tests were 
undertaken. The Cone Calorimeter apparatus utilises the principle of oxygen 
consumption to calculate the heat released by the material. The results from this test 
are thus, for each exposure level, the time to ignition, mass loss rate and the rate of 
heat release. 
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This device was used, not only in the Kokkala et al study but also in the Swedish and 
Eurefic experiments. The typical set-up of this device, in the horizontal orientation, is 
seen if the following figure. 
,Laser extinction beam including 
\ temperature measurement \ I Temperature and differential 
\ pressure measurements taken here 
\ Soot sample tube location 
Exhaust 
blower 
Exhaust 
hood 
Soot collection titter 
Controlled 
flow rate 
IC:~~~---Spark 
igniter 
Sample 
Figure 5.2: Typical Cone Calorimeter Experimental Set-up [8] 
5.4 Swedish Experiments 
The Swedish, as well as the Eurefic experiments incorporated the European Standard 
Room/Comer test. This is a large-scale test method for the measurement of the 
burning behaviour of surface lining materials used in buildings. The test apparatus 
consists of a small compartment (3.6m long, 2.4m wide and 2.4m high) with one open 
door and a gas burner. A gas collection system is also supplied with the necessary 
instrumentation to measure the fire gas properties. The Swedish and Eurefic data used 
in this report are just a small collection of the many different materials that have been 
investigated in this apparatus. The experimental set-up for the Room/Comer test is 
shown in the figure below. 
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E 
0 
~ 
Exhaust gases 
hood 
Figure 5.1: Room/Comer Experimental Set-up [19] 
Thirteen different materials from this study have been incorporated into this research. 
Again, as mentioned previously, the materials were also tested in the Cone Calorimeter 
at irradiance levels of between 25-75kWm-2• These materials, given in table (5.2), 
were fixed to the ceiling and to the walls, excluding the wall where the door was 
located. 
The ignition source in these tests was a propane gas burner placed on the floor in one 
comer of the room. During the first ten minutes of the test, the burner was run at 
lOOkW and after ten minutes, if flashover had not occurred in the compartment, was 
increased to 300kW. 
The combustion products leaving the room through the door from this test were 
collected in a hood connected to an exhaust system. The rate of heat released from the 
fire was calculated within this system by the same principle as in the Cone Calorimeter 
test, namely, oxygen consumption. 
The materials used in this Swedish study are given in the following table. 
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Table 5-l: Materials used in Swedish Experiments 
Swedish Materials 
Material No. Material Name 
S 1 Insulating Fibre Board 
-·····---················· ... -····--·- ..... ··-··-·-···-·········-""''' ··-·-·---·--·········............ _, ...... .. 
S2 Medium Density Fibre Board 
S3 Particle Board 
S4 Gypsum Plasterboard 
............ ,, ____ ·················-·····- ·····-·····--···-·---···------·--··· .. ··--············------·---.. ---····-· 
S5 PVC covering on S4 
S6 Paper covering on 84 
S7 Textile covering on 84 
................. ----············-·····-·---···- ··········-·-----··-----.. -· ......................... ,_, ____________ ···········--···-···-.. ·· 
S8 Textile covering on Mineral Wool 
····--··-···-"············-···- ··-···-----············-···-·-···"··----·-·--··-·-·--·-······--·----·····-·······--·--·-·· 
S9 Melamine-faced Particle Board 
SlO Expanded Polystyrene 
Sll Rigid Polyurethane Foam 
·······-------·--····················-·· ·-·--·-·-···········-···-··-·····--···-·-····-··········-·-·····-··-·······----·········-··----· 
S 12 Wood Panel (Spruce) 
S 13 Paper covering on S3 
5.5 Eurefic Experiments 
The Eurefic data is from the Nordic research program "EUREFIC - EUropean 
REaction to Fire Classification". This program is managed by the co-operation of the 
institutes in Denmark, Finland, Norway and Sweden. The purpose of the tests 
incorporated into this research was to gain sufficient data for the use in the 
development and validation of a calculation model for scaling test results from the 
Cone Calorimeter to large scale test results of the room fire test, NT FIRE 025. 
The eleven different materials included from this study have only been those tested in 
the horizontal orientation in the Cone Calorimeter, since this was the case for the 
Swedish materials. These materials are described in the table below. 
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Table 5-l: Materials used in Eurefic Experiments 
E1 Painted Gypsum Paper Plaster Board 
E2 Ordinary Plywood 
E3 Textile Wall-covering on Gypsum Paper Plaster Board 
E4 Melamine Faced High Density Non-combustible Board 
E5 Plastic Faced Steel Sheet on Mineral Wool 
E6 FR Particle Board - type B 1 
E7 Faced Rockwool 
E8 FR Particle Board 
E9 Polyurethane Foam Covered with Steel Sheet 
E 10 PVC-wall Carpet on Gypsum Paper Plaster Board 
Ell FRPolystyrene 
The experimental flame spread data for these materials was obtained from the 
Room/Comer Test apparatus. 
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6. MODEL ASSESSMENT 
Once the model had been written and the comparison materials determined, an 
assessment of the performance of the model was undertaken. This assessment 
involved the determination of the best values for the four variable constants. This task 
and the results of the comparison are given in this chapter. 
6.1 Introduction 
To determine the variation that would occur in the results of the analytical flame 
spread model when the values of the different variables were modified, sensitivity 
analysis was undertaken. This analysis was performed in a risk analysis package 
called @RISK. It was the desire to pursue such analysis that was instrumental in the 
creation of the analytical, as opposed to a numerical, model that was developed in this 
research. The following section describes the sensitivity analysis undertaken. 
6.1.1 Background to Sensitivity Analysis and @RISK 
Sensitivity Analysis 
In any modelling approach, many different variables are used to describe the outputs 
and for most situations, these variables are often not known with complete certainty. 
These outputs will therefore also include this degree of uncertainty. 
Often, this uncertainty is small, which generally occurs when all the variables can be 
simply described, but it can often become very significant when a complex 
phenomenon is being described. Uncertainty in the values of the input variables can 
also arise due to their values being based on either objective or subjective decisions. 
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For the uncertainty of a model to be quantified, all the possible values of the variables 
which influence the outputs needs to be investigated. This process is termed 
"Sensitivity Analysis". 
One technique that can be used to perform sensitivity analysis is to describe the input 
variables by probability distributions. There are many different types of probability 
distributions available which can describe the range of possible values and their 
likelihood of occurrence for each input variable. 
One program that can be used for this type of sensitivity analysis is @RISK. This 
program was utilised in this report so that the uncertainty variables within the upward 
flame spread model could be assessed. 
@RISK 
@RISK is used in conjunction with either Lotus 1-2-3 or Microsoft Excel (used in this 
research) and applies a quantitative procedure that determines the likely range of 
outcomes for a given scenario. In general, the technique encompasses: 
• Developing a Model, by defining the activity in a spreadsheet. 
• Identifying the Uncertainties, by providing probability 
distributions for the models uncertain input variables. 
• Analysing the Model by Simulation, which determines the 
values and distribution(s) of the selected output(s). This is 
accomplished by calculating the summary statistics of many 
iterations of the model. Each iteration selects a different input 
value governed by the distribution associated to the particular 
input variable. 
The results from the simulation of the model can then be used to determine the most 
appropriate course of action that should next be taken. This method clarifies the 
behaviour of the model to any changes in the values of the input variables. 
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6.1.2 Simulation Inputs 
The purpose of the simulation was to determine the values of the four particular 
variables that are incorporated in the flame spread model. A range of possible values 
for these input variables was known from previous research and by examining their 
specific definitions. These variables are described in the previous analytical model 
chapter and the values and distributions that they took are described below. 
Heat Flux Variation, xpo•: 
This variable is used to reduce the heat transfer overestimation that occurs in the initial 
phases of the model. The range of values that this variable is assumed to take is 
between 0.05 and 0.95. 
As previously mentioned, @RISK requires that the variables be given a distribution 
that describes their uncertainty. The choice of these distributions was made difficult 
due to the complexity of the model. This complexity is not only in terms of the 
phenomenon that is being analysed but also in terms of the interaction that occurs 
between the simplified equations. Since the influence that each variable has is 
uncertain, a uniform distribution has been chosen for all four input variables. The 
shape ofthis simple distribution function is given in the figure below. 
UNIFORM(1,4) 
0.5 
0.25 
0 1 2 3 4 5 
Figure 6.1: A Uniform Probability Distribution [15] 
It is assumed in using this function that the probability of any value throughout its 
range is equal. 
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Ignition Time Adjustments, q"* and q"**: 
These time to ignition factors are assumed to be covered by a range of between 5 and 
70 kWm-2• Again, a uniform distribution was applied to these variables. 
Flame Area Coefficient, K: 
This factor is burner location dependent and is assumed to have values ranging from 
between 0.003 to 0.03 m2kW-'. This area coefficient is also given a uniform 
distribution. 
6.1.2.1 Summary 
The values that were used in the initial analysis of the flame spread model are 
summarised in the following table, 
Table 6-1: Flame Spread Model Input Variables 
Input Variable Units Values 
Minimum Maximum Distribution 
0.05 0.95 Uniform 
q"* kwm-2 5 70 Uniform 
.................. -·-········-···············--·--·· .......... - --······ ······-·-·-··················· ·····-·---·-······ ·······-·······-·-····· ............................................................. - .. ·········---···········----·-············-------· 
q"** kwm-2 5 70 Uniform 
K 0.003 0.03 Uniform 
6.1.3 Simulation Outputs 
The main reason for performing the sensitivity analysis was to optimise the variables 
so that the heat release rate calculated in the model would fit the experimental data to 
its best ability. Because of this, the output of particular interest was the comparison 
equation, "R2 Results". This value was calculated for the each individual materials as 
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well as being averaged over all of the materials. The philosophy used in this 
optimisation was to; 
"obtain the four input variable values when the R2 value, averaged 
over all the materials, was minimised." 
These values would therefore indicate the best fit of all the materials to their individual 
experimental data. 
The technique used in @RISK to implement this philosophy was to; 
1. Sort the summary simulation data in ascending order so that the minimum 
value of the averaged R2 value could be obtained, as well as the iteration 
that it occurred. 
2. View the data from the iteration, found in step 1, and determine the values 
of the four input variables. 
6.1.4 Simulation Settings 
@RISK allows various settings to be chosen for a simulation. These options include 
varymg, 
• the number of iterations performed, 
• the sampling type, 
e convergence monitoring parameters, and 
• the (random) seed number generation setting. 
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During the model simulation the following settings and values were chosen, 
Table 6-1: Simulation Settings Summary 
Setting Values: Model A1 Values: Model B2 
Iteration Number 5000 7500 
---························-···----·······--·---·-················----···· ----·-···-···-·-···-·-··-·-··-····--·----·· ·········-··-····--·-·-·······---······-············-------
Seed 1 1 
-·--····-·-··-··-----·········--·················----········-·····-··-··--·--
____ Sampl.!P.:g _ _!~~hnig!:l:.~ .... ___ -·---~~!!n f!YP._~~~!:t.:!?~ .. -·-_ ____!:_~!~~ Hyp~rcu~-~----
_____ §~P:4.~q-~~cal~: ···----- .... . __ g~pec!~<! .. Y-~!~.~-·······-·--___ §~pe~!.~_ci Va~_l:l.-~---··-··---· 
Convergence Limit Every 100 iterations Every 100 iterations 
1 The Room/Comer tests involving the Swedish and Eurefic materials 
2 The Vertical Wall test involving the Kokkala et al materials 
6.2 Input Analysis Rsults 
This section of the report details the base case analysis of the developed flame spread 
model. The input, output and simulation settings used in this section are those that 
were described above. 
Using the computer program @RISK, the required average R2 value and the 
distribution of this value was found. From this result, the value of the input variables 
could be ascertained. Sensitivity results were also collected to determine what 
influence each input had on the output, namely, the averaged R2 value. 
Two separate analyses were undertaken for this report - Model A and Model B. 
Model A combined the materials that were tested by the Room/Comer test method (i.e. 
Swedish and Eurefic materials) and Model B investigated the Vertical Wall test of the 
Kokkala et al materials. 
6.2.1 Model A Base Case Analysis 
The @RISK simulation predicted a minimum averaged R2 value of 364, with a mean 
of 1.55 x 1015 and a standard deviation of 1.8 x 1016 • This large standard deviation was 
influenced by the large upper limit, of 4.4x1017 , for R2• Some of these values can be 
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seem in the following figure, which focuses on the lower end of the averaged R2 
distribution result, 
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~ 
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Distribution of Minimum R2 value: Swedish 
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Figure 6.1: Minimum Average R2 Distribution for Model A 
It can be seem from the figure above that the average R2 value exhibits a lognormal 
type of distribution. 
The corresponding correlation analysis of the base case indicated that the averaged R2 
value is most sensitive to the variation of the value of the Flame Area Coefficient, K, 
and the value of the Pre-ignition Time Adjustment variable, q"**. The Post-ignition 
Time Adjustment variable, q"* and the Heat Flux Variation variable, xpo• were found to 
have a smaller influence on the value of the average R2 value for model A. These 
results can be seem in the following figure, 
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Correlations for Minimum R2 value: Swedish and Eurefic 
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Figure 6.2: Minimum Average R2 Correlation Results for Model A 
0.005 
From the results that were obtained by this analysis, "best" values for the four input 
variables could be found. These values would give the closest comparison between the 
experimental and calculated heat release rate values. The method used to find these 
input values has been previously described. The results using this technique are 
presented in the table below, 
Table 6-1: Minimum Input Values for Model A 
Input Variable Symbol Value 
Heat Flux Variation variable xpo• 0.18 
................................................................. -··--······························--·-··············-··--·---····--·---···-·····--·-·-········-····-- -···-··· ···--········ ... ··-··-··-···· 
Post-ignition Time Adjustment variable q"* 30.4 
.......................................................... ·-·······-··--··-············-···············-··--·················------·-- ··--······-·-·---········-·······-·······--··-- --···· ······--··········-·--········ 
Pre-ignition Time Adjustment variable q"** 47.2 
Flame Area Coefficient K 0.018 
6.2.2 Model B Base Case Analysis 
This model, as could be expected, produced a different mean Averaged R2 value than 
in the previous @RISK analysis. The minimum value was found to be 54.8, with a 
mean of2552 and the standard deviation of2408. The shape of the distribution for this 
output, as shown in the figure below, was very different to the previous analysis. 
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Figure 6.1: Minimum Average R2 Distribution for Model B 
The correlation analysis for this case exhibited different results to those found in model 
A. This time, the Flame Area Coefficient, K, and the Post-ignition Time Adjustment 
variable, q"* were shown to have the most significant influence on the value of the 
minimum average R2 value and the other two variables exhibited less significance. 
These results are shown in the following figure, 
Correlations for Minimum R2 value: Kokkala 
tig* HRR, q"~ 
t ....................... K 
+ ' 
·--tig**:HRR, q"** 
). xpo value, xPo* 
0.00 0.20 0.40 0.60 0.80 1.00 
xpo value, xpo* tig** HRR, q"** K tig* HRR, q"* 
0.04 0.13 0.62 0.63 
Correlation coefficient 
Figure 6.2: Minimum Average R2 Correlation Results for Model B 
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The "best" values for the inputs were found for this model using the same technique 
applied in model A. These values, corresponding to the optimum fit between the 
experimental to calculated heat release rate, were applied to the model and a 
description of the actual effect that this had is described in the next section. The results 
from the analysis in this section is given in the table below, 
Table 6-1: Minimum Input Values for Model B 
Input Variable Symbol Value 
Heat Flux Variation variable 0.67 
Post-ignition Time Adjustment variable q"* 11.9 
Pre-ignition Time Adjustment variable q"** 27.4 
·-·--····-·-·····---········ .. ·····--············---···········------······-····--·---·-·-·····-·········--··------- ..................... --···-·--···········-- ---····-•""'''' .. . 
Flame Area Coefficient K 0.005 
6.3 Modelling Initial Optimised Input Values 
Once the optimal input values were found from the @RISK analysis, they could be 
incorporated into the models. At this point, verification of the flame spread model to 
the experimental data could be made. If the values were found to be similar, then the 
@RISK simulation technique for finding to particular values of the input variables 
would have been successful. 
6.3.1 Model A 
In model A, using the Room/Comer experiment results, very good overall comparison 
was found between the calculated heat release rate and the corresponding experimental 
results for the Swedish and Eurefic materials. An example of the success of the model 
is shown in the figure below, which shows material S3 (Particle Board). 
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This figure clearly shows the individual aspects of the modelled heat release rate. It 
can be seen in the initial phase that the calculated heat release rate is constant at 
lOOkW. This constant value continues until the material behind the burner ignites. 
After approximately forty ( 40) seconds, the material ignites and heat release rate 
rapidly raises to a peak value and is followed by an exponential decay. This peak and 
some of the exponential decay is off the graph, but is of little interest in this pre-
flashover model, as once the heat release rate exceeds lOOOkW, flashover is said to 
occur and the model is no longer valid. Flashover can be seen to occur in both the 
calculated and experiment in approximately 130 seconds. 
A complete set of figures for the Swedish and Eurefic materials can be seen m 
appendices D and E. 
6.3.2 Model B 
The application of the input variable values into Model B, using the Vertical Wall test, 
also gave very good results. The material T2511, indicated in the figure below, again 
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shows the success that the model has in calculating the heat release rate values. This 
material, as with all the Kokkala et al materials, did not go to flashover. 
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Figure 6.1: Model B Comparison for Material T2511 
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A complete set of figures for the Kokkala et al materials can be seen in appendix C. 
6.3.3 Time to Ignition Comparison 
Since the time that a material will take to go to flashover in a compartment is very 
important, a comparison between the experimental and calculated time to flashover 
was made. Flashover is assumed to occur when the heat release rate exceeds lOOOkW. 
This comparison is made in the following figure. 
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Figure 6.1: Calculation to Experimental Time to Ignition Comparison 
The materials in the figure above only come for model A, the Room/Comer test, as no 
Kokkala materials went to flashover. It can be seen that the model was generally very 
good at predicting the time to flashover. 
6 .. 4 Summary 
In the assessment of the two models, A and B, to their experimental studies, sensitivity 
analysis was applied so that the optimal values of the four input tuning variables could 
be determined. It was found from the analysis that the values of these variables 
differed between that of the model A, which incorporated the Swedish and Eurefic 
materials, and model B, which investigated the Kokkala et al materials. The values of 
these variables are summarised in the following table, 
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Table 6-1: Optimal Input Values for Model A and B 
Input Variable 
Heat Flux Variation variable 
Post-ignition Time Adjustment variable 
Pre-ignition Time Adjustment variable 
Symbol 
q"* 
Model A 
Values 
0.18 
30.4 
q"** 47.2 
--·-·-··-···-·-·------·-······-··········--······---············----····· ············-······-···-·-······--··--·--- ···-- ····-······-·-·-···-······-······-------· ... -············----···-···· .. ·-
Flame Area Coefficient K 0.018 
ModelB 
Values 
0.67 
11.9 
27.4 
0.005 
It was found by using the Regression Correlation function in @RISK that each input 
value influenced the average R2 result to differing extents. For both models, the flame 
area coefficient, K, was found to have the most influence on the minimum average R2 
result. Both of the ignition time adjustment variables were also significant and the heat 
flux variation variable found to have the least influence on the minimum average R2 
result. 
The optimised R2 values of these variables were found to give very good comparisons 
between the calculated and experimental heat release rate for each of the two models. 
The model can therefore be used to satisfactorily calculate the flame spread 
characteristics for the materials investigated. 
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7. CONCLUSIONS 
Part 1: Time to Ignition Equation Investigation 
In the first part of the research, a simplified expression for the time to ignition of a 
material, based on an equation derived in [8], was developed. This development 
involved the investigation of several possibilities but all but one of these was excluded 
since their performance was found to be poor. The simplified equation that was finally 
chosen was incorporated into the analytical flame spread model. The analysis 
undertaken for this equation used only the Swedish materials and the initial results in 
the comparison between the calculated and experimentally determined time to ignition 
values were found to be very satisfactory. 
The form of this time to ignition equation was, 
The averaged errors when this equation is applied to the thirteen Swedish materials 
were found to be -2%. 
Further investigation into the applicability of this equation for the Eurefic and Kokkala 
et al materials would hopefully determine the level of confidence that could be 
assumed when applying this equation. 
Part 2: Analytical Flame Spread Model Development and Assessment 
As with most models of complex phenomenon, many simplifications were 
incorporated into the model developed in this research. These simplifications neglect 
all but the essential aspects of vertical flame spread on combustible materials in an 
attempt to make the model easy to use and so that the sensitivity analysis performed 
would be relatively computationally inexpensive. 
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One of these simplifications involved representing the experimentally determined heat 
release rate of each material by a mathematical expression. This expression was either 
described as a Peak/Decay or an Average representation. 
Tuning of the model was undertaken by four input variables that were optimised by 
sensitivity analysis. This optimisation compared the fit of the calculated values to the 
experimental data collected from three different studies. Two of the studies, namely 
the Swedish and Eurefic tests, used the European standard Room/Comer test method. 
The other study on the Kokkala et al materials used a Vertical Wall test method. 
The results from using the analytical model described in the report to represent the 
complex phenomena of upward flame spread on solid materials were found to be very 
satisfactory based on the generally close comparison between the calculated and 
experimental values. 
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10. APPENDIX A: PARAMETERS USED 
IN THE ANALYTICAL CALCULATION 
Input Values used in the Analytical Flame Spread Model 
Table 10-1: Swedish Input Values 
Material No. Material Name Wall Height Burner Burner 
(m) Output Widtb(m) 
Sl Insulating Fibre Board 27 100 0.34 
S2 Medium Density Fibre Board 27 100 0.34 
S3 Particle Board 27 100 0.34 
S4 Gypsum Plasterboard 27 100 0.34 
S5 PVC covering on S4 27 100 0.34 
S6 Paper covering on S4 27 100 0.34 
S7 Textile covering on S4 27 100 0.34 
S8 Textile covering on Mineral Wool 27 100 0.34 
S9 Melamine-faced Particle Board 27 100 0.34 
SlO Expanded Polystyrene 27 100 0.34 
Sll Rigid Polyurethane Foam 27 100 0.34 
Sl2 Wood Panel (Spruce) 27 100 0.34 
S13 Paper covering on S3 27 100 0.34 
Table 10-2: Eurefic Input Values 
Material No, Material Name Wall Height Burner Burner 
(m) Output Width (m) 
El Painted Gypsum Paper Plaster Board 27 100 0.34 
E2 Ordinary Plywood 27 100 0.34 
E3 Textile Wall-covering on Gypsum Paper Plaster Board 27 100 0.34 
E4 Melamine Faced High Density Non-combustible Board 27 100 0.34 
E5 Plastic Faced Steel Sheet on Mineral Wool 27 100 0.34 
E6 FR Particle Board - type B 1 27 100 0.34 
E7 Faced Rockwoo1 27 100 0.34 
E8 FR Particle Board 27 100 0.34 
E9 Polyurethane Foam Covered with Steel Sheet 27 100 0.34 
ElO PVC-wall Carpet on Gypsum Paper Plaster Board 27 100 0.34 
Ell FR Polystyrene 27 100 0.34 
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Table 10-3: Kokkala et al Input Values 
Material No. Material Name Backing Wall Height Density, Burner Burner 
(m) p(kgm-:1) Output Width(m) 
T0412 Porous Fibre Board Mineral Wool 27 80 100 1.2 
T2312 Particle Board Calcium Silicate Board 27 832 100 1.2 
T2511 Particle Board Mineral Wool 27 162 100 1.2 
Tl301 Textile Wall Covering on Calcium Silicate Board Mineral Wool 27 258 100 1.2 
TI002 Particle Board Mineral Wool 27 162 70 1.2 
T0203 Wood with Horizontal Grooves Mineral Wool 27 540 100 1.2 
T0903 Wood with Vertical Grooves Mineral Wool 27 540 100 1.2 
Material Parameters used in the Analytical Flame Spread Model 
Table 10-1: Swedish Material Parameters 
Material No. Material Name Density, Q .... (kWm-2) A. (s-t) 
p(kgm-:~) 
Sl Insulating Fibre Board 250 184 0.0090 
S2 Medium Density Fibre Board 600 208 0.0027 
S3 Particle Board 750 204 0.0030 
S4 Gypsum Plasterboard 700 !51 0.0390 
S5 PVC covering on S4 682 210 0.0600 
S6 Paper covering on S4 684 254 0.0600 
S7 Textile covering on S4 691 408 0.0700 
S8 Textile covering on Mineral Wool 184 466 0.0800 
S9 Melamine-faced Particle Board 810 150 0.0016 
SlO Expanded Polystyrene 20 325 0.0120 
Sll Rigid Polyurethane Foam 30 247 0.0200 
Sl2 Wood Panel (Spruce) 527 168 0.0075 
S13 Paper covering on S3 726 197 0.0041 
Table 10-2: Eurefic Material Parameters 
Material No. Material Name Density, Q,. .. (kWm'2) A. (s't) 
p(kgm-:~) 
El Painted Gypsum Paper Plaster Board 681 213 0.0850 
E2 Ordinary Plywood 600 275 0.0060 
E3 Textile Wall-covering on Gypsum Paper Plaster Board 724 312 0.0400 
E4 Melamine Faced High Density Non-combustible Board 1055 106 0.0175 
E5 Plastic Faced Steel Sheet on Mineral Wool 640 71 0.2000 
E6 FR Particle Board - type B I 630 !52 0.0250 
E7 Faced Rockwool 87 126 0.0800 
E8 FR Particle Board 755 69 0.0175 
E9 Polyurethane Foam Covered with Steel Sheet 170 259 0.0125 
ElO PVC-wall Carpet on Gypsum Paper Plaster Board 750 137 0.0095 
Ell FR Polystyrene 37 667 0.0450 
118 
Appendix A 
Table 10-3: Kokkala et al Material Parameters 
Material No. Material Name Backing Density, Qmu(kWm"1) A. (s-1) 
p (kgm.J) 
T0412 Porous Fibre Board Mineral Wool 80 190 0.0091 
T2312 Particle Board Calcium Silicate Board 832 245 0.0050 
T2511 Particle Board Mineral Wool 162 240 0.0040 
T1301 Textile Wall Covering on Calcium Silicate Board Mineral Wool 258 240 0.1535 
Tl002 Particle Board Mineral Wool 162 240 0.0040 
T0203 Wood with Horizontal Grooves Mineral Wool 540 240 0.0124 
T0903 Wood with Vertical Grooves Mineral Wool 540 240 0.0124 
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11. APPENDIX B: @RISK 
SIMULATION OUTPUT DATA 
Table 11-1: @RISK Output Data 1 a- Swedish!Eurefic Materials 
Name Ave. Rl values Swed!Jh Data 
Description All Swedish Eureflc Sl S2 S3 S4 S5 S6 S7 S8 S9 SlO Sll Sll S13 
Minimum= 363.73 367.27 122.96 37.1 31.2 36.2 13.6 10.5 9.9 19.4 46.6 52.2 149.4 678.7 55.2 27.8 
___ ....................................................................... __ ,_,.,.,. ___ ................................. _, ................................................................... __ ,. ................................................ , ____ -------· - .................. ,.,. ____ ,., ......... ___ , __ , ____ ----· 
Maximum= 4.37B+17 1.85B+09 9.53B+17 4350.2 2449.4 2235.7 283.9 349.1 490.4 1227.6 2.7B+5 1244.8 2B+IO 3291.9 1501.5 2130.2 
--·"M;~~-:;;-- -1.55il+1·5· ... 2~86il+07 --3~:i7"E+15 --·· ""761:6· -5·91:·5. '"6iii7-CS5.5 .......... 67:7 ... -·9·5:·5 .......... i98.9- 2447.3 siio ... "3".7B+s 'i9ii3":4 .... 4.ii2.6 m-:8 
Std Deviation= I.81B+16 1.34B+08 3.95E+16 358.3 350.1 291.1 63.9 79.5 105.5 188.4 7511.7 218.1 1.7B+9 1152.3 192.2 264.1 
.......... - _, ................... ____ ,., ..................... _ .................................... ·-·--·-· ,., _____ --·- - ............. ,.. ___ ,. ..... - ............... --- ---
Variance= 3.27B+32 1.81B+16 1.56E+33 1.3E+5 1.2B+5 8.5E+4 4.1B+3 6.3E+3 I.IB+4 3.5B+4 5.6B+7 4.8B+4 3B+18 1.3E+6 3.7B+4 7.0B+4 
Skewness= 15.71 6.71 15.71 3.1 1.8 1.4 1.6 1.4 1.2 1.2 16.9 0.4 6.7 0.0 1.4 1.5 
Kurtosis= 282.39 54.61 282.39 23.7 6.1 4.9 4.2 3.7 3.1 3.9 441.5 2.1 54.6 1.2 5.7 5.7 
_ .............. _________ ,.,., ........... ____ ,_,.,.,.,.,.., ____ ,_,.,_,. __ --·--- ............... - --·-· ,._ ............. , ___ ........... _ ............. : .. :~~:~_::]--~-~~ ----........................ - ... - .......... _, .............. _., __ -----
Mode= 416.88 632.20 161.54 800.1 501.9 546.4 15.3 11.4 .8 988.6 418.6 665.6 682.5 462.7 470.8 
_, ___________ ..................... - .............. ____ .. _, _____ ,. ................ _ -·- __ .............. ,., _____ ,_.............. ................ ---- ---.................... --................................. ----- ,.,. __ _ 
5% Perc= 419.64 554.19 161.11 228.4 208.4 251.1 14.5 11.4 16.9 47.7 418.9 212.0 707.5 682.5 216.1 192.0 
10% Perc= 479.15 617.88 161.65 410.5 290.0 330.8 14.7 11.4 18.7 53.8 688.3 272.9 1609.7 682.5 284.8 270.1 
15% Perc= 521.14 637.58 263.73 520.3 341.6 389.4 15.0 11.4 20.6 57.5 808.1 309.0 1819.2 682.5 330.8 321.6 
20% Perc= 558.26 669.92 356.84 594.5 388.0 432.8 15.3 12.0 22.8 60.0 878.9 340.0 2059.5 682.5 364.7 361.6 
25% Perc= 602.27 699.15 420.40 648.6 423.4 468.2 15.3 13.3 24.4 62.3 927.8 365.5 2425.6 682.5 391.4 393.4 
30% Perc= 664.84 722.79 497.39 692.0 452:7 .. ·:;·94,::;-· --·'i:s:·3 ........ 15:ii-· '"24.4- -·64:8-· 962.3 .... 384:6 ""2s6i5. 755:2 .... -4-iiX ·4193 
35% Perc= 746.45 758.61 594.58 722.2 473.1. · '5i4:9 ........... i.6:-i·- .. i::;:·;- 24:4 -64.8 ·· .... 988:6 ........ 399:·3- 354o:o lii6·4:ii·- 429:7- "439~4 
............... _ .. _ ............. _ ............... _ ......... _ --
40% Perc= 888.84 818.46 745.54 746.6 492.7 533.4 17.5 19.9 26.2 64.8 988.6 411.2 4613.4 1064.0 442.5 457.1 
45% Perc= 1186.11 940.49 1030.06 767.2 501.9 546.4 19.5 
50% Perc= 1670.93 1195.90 1723.42 782.3 501.9 546.4 22.5 27.7 34.8 74.2 988.6 418.6 9696.7 1628.4 462.7 470.8 
55% Perc= 2896.78 1735.87 2998.83 800.1 501.9 546.4 26.4 33.4 41.3 88.7 988.6 418.6 1.7B+4 2422.7 462.7 470.8 
60% Perc= 7215.44 3008.07 7257.40 800.1 501.9 546.4 31.5 40.1 51.5 129.7 988.6 508.7 3.3B+4 3006.8 462.7 470.8 
65% Perc= 21873.36 6894.79 24381.37 800.1 501.9 546.4 37.9 48.9 66.8 248.1 988.6 607.0 8.3E+4 3133.7 462.7 470.8 
70% Perc= 1.15B+05 1.95B+04 1.07E+05 800.1 501.9 546.4 46.9 61.2 93.6 307.4 1276.1 670.9 2.4B+5 3214.7 462.7 470.8 
·--7so/.'"i_;;;~·:;;· ........ ·6:74ii+iis' 7.47B+04 ... '"6:J6B+OS-- .. 800.1 "50.:9 -595:5 ..... 59.1 ..... --so:ii-- ''i6s:6 ....... 355:3- 1612.7- -722."() .... "96E+s' .J266:2 ..... 462:·7 470.8 
,,. ____ ,................... ,.,_,. ___ ,.,_,_,,.,. .......... _, ____ ,_,.,., _____ .............. _. --- ,.,.,. _____ ,_,. .............. _ ................................................................. ___ ·--- ---................. - ......... ,_,._,. ___ ............... ___ ....... . 
80% Perc= 4.83B+06 4.10B+05 5.44E+06 800.1 780.2 793.4 85.8 131.2 214.7 388.5 2040.8 758.0 5.3E+6 3291.9 582.6 638.4 
·- 85o/,--P;;~-;;;· .. -·- ·-i.9oB+07'' --3.02"il+ii6- 7.76"E+o7 . - ·-- sooT -976.6- _9.51:1""' lso:2 ........ 186'.2 .. ·-246:o ........ 424-:i· .273i.ii ... --788:8 .... 3.9B+7 329·1·:9 -684.2 ... 794:4· 
.... 9ii%-P~;;;;;··-.. - ·7.69Ii+Oii .. - 2.o6"E+07-1.56"E+09 ........ - ·979:7 -i!S'iX -io85:3- ·-17-8-:6 ... ·2o9·:;;-· .... 27-ii:o ... -·;;;;::;·:i-- "4i22-::i ... ·-·82'"2:7·- ·2.1ii+8 .. 3291:9 762.9- 945.4 
........ 95'/oP~;~:::··-·-- -6.iioii+i .. i .... -i35"E+08 -i:53"E+i'2 ------ "130-i:t 1[363·:7- .... i24ii-:3- 2oi·:::; ... · ·243·:;; .... ---:l"i2:ii- -·540:1·-· .. 7827-:s· -·iis'i:·s .... -i:i!ii+9. 329"1':9 8'75.9- ·1098.4 
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Table 11-1: @RISK Output Data 1 b - Swedish/Eurefic Materials 
Name EurellcData 
Description El E2 EJ E4 ES E6 E7 ES E9 E10 Ell 
Minimum= 15.50 24.08 29.59 4.91 12.45 27.75 115.74 20.90 64.15 12.11 51.16 
Maximum= 276.75 4031.88 836.34 262.11 23.18 359,61 1033.57 146.77 1.74E+4 514.62 l.OE+I9 
Mean= 47.49 682.59 230.30 
Std Deviation= 
............. ____ f--................ . 
52.47 642.04 136.06 
....................... ______ ...................... - .... .. 
Variance= 2.75E+3 4.12E+5 1.85E+4 
Skewness= 1.94 1.38 1.15 
Kurtosis= 5.64 4.21 3.44 
Mode= 17.01 314.15 154.90 
50/ct Perc= 16.26 143.72 96.94 
10% Perc= 16.52 192.87 116.64 
15% Perc= 229.61 128.10 
47.43 
61.30 
3.76E+3 
1.79 
5.01 
5.82 
5.82 
5.82 
5.82 
13.56 
1.39 
1.93 
1.98 
7.51 
12.45 
12.45 
12.45 
12.50 
96.67 353.32 
90.75 39.29 
8.24E+3 1.54E+3 
1.13 5.44 
2.64 67.66 
38.37 342.98 
32.02 331.80 
32.91 340.97 
33.71 343.31 16.74 
17.01 
17.01 
-·--·-- _ .......... _, .......................... -. 
20% Perc= 261.64 135.28 6.01 12.55 34.44 344.33 
25% Perc= 
30% Perc= 
35% Perc= 
40% Perc= 
45% Perc= 
50% Perc= 
55% Perc= 
60% Perc= 
65% Perc= 
286.85 141.82 7.31 12.60 
17.01 314.15 146.76 9.18 12.66 
..... ---- _, __ ..................... -.-....................... _. __ .. _ 
17.42 314.15 150.69 11.33 12.72 
18.42 314.15 
19.77 314.15 
21.68 314.15 
24.48 314.15 
27.77 314.15 
32.73 483.30 
154.00 13.70 
154.90 16.87 
154.90 20.25 
155.73 24.95 
173.96 29.87 
227.80 36.18 
12.80 
12.89 
12.99 
13.14 
13.30 
---7-o%·;;~;;;:-·-· -38.4o- r--871:15 288.82 43.58 
13.47 
13.72 
14.00 
14.37 
75% Perc= 
80% Perc= 
85% Perc= 
90% Perc= 
95% Perc= 
46.01 
61.00 
96.03 
1.17E+3 332.97 
1.35E+3 366.82 
1.49E+3 40D.68 
149.61 1.65E+3 442.99 
173.61 1.92E+3 494.80 
54.40 
68.09 
99.90 
176.64 
202.83 
14.86 
15.49 
16.58 
35.10 344.91 
35.92 345.32 
36.74 345.69 
37.99 
38.37 
38.37 
42.28 
51.07 
65.13 
96.84 
176.84 
210.16 
231.51 
345.95 
346.18 
346.41 
346.61 
346.77 
346.93 
347.62 
351.33 
355.58 
361.68 
254.86 372.93 
277.34 403.93 
38.00 
21.35 
1206.54 
1296.45 
162.92 3.7E+l6 
141.55 4.3E+l7 
455.96 1.68E+6 2.00E+4 1.9E+35 
3.08 
12.14 
30.02 
27.67 
28.62 
28.77 
28.87 
28.99 
29.10 
29.27 
29.46 
29.71 
30.02 
30.02 
30.02 
30.88 
32.56 
34.75 
38.40 
44.54 
57.45 
90.40 
4.18 
31.55 
348.00 
225.43 
276.27 
313.54 
338.91 
348.00 
348.00 
686.85 
853.27 
939.04 
993.44 
1.04E+3 
0.67 
1.71 
63.80 
28.44 
36.03 
43.31 
50.03 
54.52 
59.05 
62.71 
63.80 
63.80 
64.58 
77.34 
15.71 
282.39 
445.97 
445.97 
445.97 
1.63E+3 
2.73E+3 
3.18E+3 
3.89E+3 
4.88E+3 
6.54E+3 
9.65E+3 
1.70E+4 
3.07E+4 
I.IOE+3 116.60 7.75E+4 
1.18E+3 210.67 2.66E+5 
1.27E+3 295.42 1.17E+6 
1.40E+3 322.90 6.78E+6 
1.56E+3 343.61 5.98E+7 
1.80E+3 358.31 8.54E+8 
2.31E+3 374.91 1.7E+10 
3.42E+3 399.18 I. 7E+l3 
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Table 11-1: @RISK Output Data lc- Swedish!Eurefic Materials 
JnputNante 
Description 
1\finimum= 
Maximum= 
1\fean = 
Std Deviation= 
Variance= 
Skewness= 
Kurtosis= 
Mode= 
S% Perc= 
10% Perc= 
15% Perc= 
20% Perc= 
25% Perc= 
30% Perc= 
35% Perc= 
40% Perc= 
45% Perc= 
SO% Perc= 
55% Perc= 
60% Perc= 
65% Perc= 
70% Perc= 
75% Perc= 
80% Perc= 
85% Perc= 
90% Perc= 
95% Perc= 
xpo value, xpo* tlg* BRR, q"* tlg** ~ q"** K 
Uniform(O.OS,0.95} Unlform(5,70) Uniform(5,70) Uniform(0.003,0.03) 
0.050 
0.950 
0.500 
0.260 
0.068 
0 
1.800 
0.343 
0.095 
O.i40 
O.i85 
0.230 
0.275 
0.320 
0.365 
0.410 
0.455 
0.500 
0.545 
0,590 
0.635 
0.680 
0.725 
0.770 
0.8i5 
0.860 
0.905 
5.00 
70.00 
37.50 
18.76 
352.08 
1.80 
65.13 
8.24 
il.50 
i4.74 
i7.99 
21.24 
24.49 
27.74 
30.99 
34.25 
37.50 
40.75 
43.99 
47.24 
50.50 
53.75 
56.99 
60.24 
63.50 
66.75 
5.0i 
70.00 
37.50 
i8.76 
352.08 
0 
1.80 
60.58 
8.24 
il.49 
i4.74 
i8.00 
21.25 
24.49 
27.74 
31.00 
0.0030 
0.0300 
O.Oi65 
0.0078 
0.0001 
0 
1.8000 
0.0058 
0.0043 
0.0057 
0.0070 
0.0084 
0.0097 
O.Oill 
O.Oi24 
O.Oi38 
----!·····-···-·-···············-···----·· 
34.25 O.Oi51 
37.49 O.Oi65 
40.74 O.Oi78 
43.99 O.Oi92 
47.25 0.0205 
50.49 0.02i9 
53.74 0.0232 
57.00 0.0246 
60.25 0.0259 
63.49 0.0273 
66.75 0.0286 
123 
Name 
Description 
Equation 
liVe. R' value 
Kokkala 
Data 
lll!nlmum = 54.82 
Maximum= 33940.92 
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Table 11-1: @RISK Output Data 2 - Kokkala et al Materials 
Kokkala-Baroudl Data Input Values 
T0412 T2312 T2511 T1301 T1002 T0203 T0903 xpo value, xpo* tfg* HRR, q"* tlg** BRR, q"** K 
Unlform(O.OS,0.95) Unlform(5,70) Unlform(5,70) Unlform(0.003,0.03) 
6!.21 9.76 14.60 4.39 17.02 5!.53 46.96 .. ----o.o5o ___ --.. s~oo·- ·--- --s:oi ... · --------o:003o·-------
------_ ........................ ______ .. , 
193210.1 637!.25 72937.20 2065.90 7298!.81 5175.41 5177.93 0.950 70.00 70.00 0.0300 
--···---~~~-e-.n-:;.··· .. ·· ···2-s·s1:94-····· 3576.39 1932.43 4852~·3·s·· --i5i'3i"··· 4897.10 1226.39 122s.62 •---o-.5-oo _____ -3·7~·s·o·-·····--·-- --·37~·so··········-···- ·-··----om-6s·----·······-
Std Deviation= 2408.31 
Variance= 5.8B+6 
Skewness= 3.25 
Kurtosis= 23.65 
Errors 
0 
Calculated= 
Mode= 2878.61 
5% Perc= 62.48 
10% Perc= 83.28 
15% Perc= 263.58 
20% Perc= 956.04 
25% Perc= 120!.74 
30% Perc= 1350.65 
35% Perc= 1470.81 
40o/o Perc= 1666.97 
45% Perc= 1991.23 
SO% Perc= 2332.06 
65o/o Perc= 2812.29 
70% Perc= 2976.83 
75% Perc= 3212.49 
80% Perc= 3545.49 
8So/e Perc= 4050.25 
90% Perc= 4946.88 
95% Perc= 6429.03 
124 
7208.64 1703.26 5075.28 26!.63 5080.89 1125.00 1128.68 
5!.7B+6 2.9B+6 25.8B+6 68450.27 25.8B+6 1.3B+6 1.3B+6 
10.46 
174.75 
0 
0.02 
1.27 
0 
2472.47 67.05 
124.46 39.44 
131.33 51.69 
4.86 
41.00 
0 
94.47 
63.64 
94.47 
138.11 67.05 375.38 
2.22 
8.59 
0 
4.70 
4.86 
4.84 
40.84 
0 
34.27 
34.27 
0.25 
1.65 
0 
78.31 
65.97 
5.78 11 !.83 68.89 
6.94 435.62 7!.67 
301.12 67.05 2809.54 8.36 2868.67 75.09 
1633.44 67.05 3458.22 9.98 352!.03 78.31 
1858.10 77.33 3634.25 11.75 3693.13 78.31 
1939.27 149.21 3728.45 14.02 3784.71 92.70 
0.25 
!.65 
0 
70.74 
59.38 
61.79 
64.38 
68.17 
70.74 
70.74 
90.80 
2008.59 333.54 3819.01 16.95 387!.48 15!.32 152.60 
2085.88 1042.14 3916.96 20.50 3970.91 343.Q9 346.40 
2181.44 2598.55 4035.49 24.38 4088.38 1464.59 1465.27 
2633.23 3312.85 4602.35 47.78 4650.10 2048.30 2051.58 
0.260 
0.068 
0.000 
1.800 
0 
0.370 
0.095 
0.140 
0.185 
0.230 
0.275 
0.320 
0.365 
0.410 
0.455 
0.500 
0.635 
18.76 18.76 0.0078 
352.08 352.08 0.0001 
0.00 0.00 0.0000 
1.80 1.80 1.8000 
0 0 0 
24.83 8.58 0.0223 
8.25 8.25 0.0043 
............... _, _______ ............................... _ .................. _ ........... _, ___ _ 
11.50 
14.74 
18.00 
21.25 
24.50 
27.74 
30.99 
11.50 
14.74 
18.00 
21.25 
24.49 
27.75 
31.00 
0.0057 
0.0070 
0.0084 
0.0097 
0.0111 
0.0124 
... - .......................... -
0.0138 
34:25 ................ ------;4.25 ............ -----o:o'i'sl--
37.50 37.49 0.0165 
47.24 47.25 0.0205 
2910.59 3391.37 4910.93 69.11 4957.90 2114.82 2118.77 0.680 50.50 50.50 0.0219 
........................ ------ ---- -- -·- ~---- ·--- ................. ·-- ------ ..................... --............. _ .. ,_ ................ _ .. __ _ 
3281.87 3470.13 5295.84 120.07 5344.51 2184.54 2188.14 0.725 53.75 53.74 0.0232 
...................... ____ ......................................................................... - ..... _ ................................................. ._, _____ ............................... _ .............. _ .............. _, __ 
3819.40 3561.17 5857.05 367.82 5908.05 2267.85 2269.67 0.770 56.99 57.00 0.0246 
4747.66 3681.70 6758.18 473.67 6809.31 2377.99 2380.21 0.815 60.25 60.25 0.0259 
6593.33 3860.30 8396.53 555.66 8451.09 2547.20 2549.13 0.860 63.50 63.49 0.0273 
11676.55 4184.55 12369.99 699.12 12417.26 2890.74 2893.02 0.905 66.75 66.75 0.0286 
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12. APPENDIX C: KOKKALA ET AL 
MODELLED MATERIALS 
~ 
~ 
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Global Variable Comitants 
Xpo value, Xpo• 
tig* HRR, q"* 
t HRR "** ig•• ' q 
K 
0.67 
11.9 
27.4 
0.005 
Calculated versus Experimental Heat Release Rate for Porous Fibre 
Board (!0412) 
y 
0 100 200 300 400 500 
Time (s) 
Figure 12.1: Material T0412 Flame Spread Comparison 
~ 
Calculated versus Experimental Heat Release Rate for Particle Board 
(!2312) 
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Figure 12.2: Material T2312 Flame Spread Comparison 
~ 
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Calculated versus Experimental Heat Release Rate for Particle Board 
(!2511) 
1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 
0 
1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 
0 
~_/ 
0 100 200 300 400 500 
Time (s) 
Figure 12.3: Material T2511 Flame Spread Comparison 
~ 
Calculated versus Experimental Heat Release Rate for Textile Wall 
Covering on Calcium Silicate Board (!1301) 
A. 
0 100 200 300 400 500 
Time (s) 
Figure 12.4: Material T1301 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Particle Board 
(!1002) 
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Figure 12.5: Material T1002 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Wood with 
Horizontal Grooves (!0203) 
~ I 
0 100 200 300 400 500 
Time (s) 
Figure 12.6: Material T0203 Flame Spread Comparison 
~ 
~ 
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Calculated versus Experimental Heat Release Rate for Wood with 
Verticle Grooves (!0903} 
~ I 
0 100 200 300 400 500 
Time (s) 
Figure 12.7: Material T0903 Flame Spread Comparison 
~ 
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13. APPENDIX D: SWEDISH 
MODELLED MATERIALS 
~ 
~ 
~ 
:f 
~ 
~ 
:::c 
Global Variable Constants 
Xpo value, Xpo• 
tig* HRR, q"* 
t HRR "** ig•• 'q 
K 
0.18 
32.0 
45.7 
0.018 
Calculated versus Experimental Heat Release Rate for Insulating Fibre 
Board (S1) 
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Figure 13.1: Material Sl Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Medium 
Density Fibre Board (52) 
100 200 300 400 500 
Time (s) 
Figure 13.2: Material S2 Flame Spread Comparison 
~ 
~ 
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Calculated versus Experimental Heat Release Rate for Particle Board 
(53) 
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Figure 13.3: Material S3 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Gypsum 
Plasterboard (54) 
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Figure 13.4: Material S4 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for PVC covering 
on 54 (55) 
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Figure 13.5: Material S5 Flame Spread Comparison 
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on 54 (56) 
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Figure 13.6: Material S6 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Textile 
covering on 54 (57) 
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Figure 13.7: Material S7 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Textile 
covering on Minerlai Wool (58) 
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Figure 13.8: Material S8 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Melamine-
faced Particle Board (59) 
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Figure 13.9: Material S9 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Expanded 
Polstyrene (810) 
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Figure 13.10: Material SlO Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Rigid 
Polyurethane Foam (511) 
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Figure 13.11: Material S 11 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Wood Panel 
(Spruce) (512) 
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Figure 13.12: Material S 12 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Wood Panel 
(Spruce) (S12) 
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Figure 13.13: Material S13 Flame Spread Comparison 
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14. APPENDIX E: EUREFIC 
MODELLED MATERIALS 
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Figure 14.1: Material E1 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Ordinary 
Plywood (E2) 
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Figure 14.2: Material E2 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Textile Wall· 
covering on Gypsum Paper Plaster Board (E3) 
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Figure 14.3: Material E3 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for Melamine 
Faced High Density Non-combustible Board (E4) 
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Figure 14.4: Material E4 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Plastic Faced 
Steel Sheet on Minerai Wool (E5) 
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Figure 14.5: Material E5 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for F.R. Particle 
Board • type 81 (E6) 
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Figure 14.6: Material E6 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Faced 
Rockwool (E7) 
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Figure 14.7: Material E7 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for F.R. Particle 
Board (E8) 
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Figure 14.8: Material E8 Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for Polyurethane 
Foam Covered with Steel Sheet (E9) 
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Figure 14.9: Material E9 Flame Spread Comparison 
Calculated versus Experimental Heat Release Rate for PVC-Wall 
Carpet on Gypsum Paper Plaster Board (E10) 
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Figure 14.10: Material ElO Flame Spread Comparison 
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Calculated versus Experimental Heat Release Rate for F.R. Polystyrene 
(E11) 
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Figure 14.11: Material Ell Flame Spread Comparison 
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